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A B S T R A C T 
5 A study of p a r t i c l e s associated w i t h air-showers of median s i z e 3 . 1 0 
p a r t i c l e s has been undertaken. Measurements on muons i n d i c a t e t h a t the 
apparatus i s inadequate to cope w i t h regions greater than 30 m. from the 
core. 
However some i n t e r e s t i n g r e s u l t s have been produced w i t h i n t h i s l i m i t a t i o n . 
There i s s t r o n g evidence f o r non-random spacing of muons a t d e n s i t i e s 
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greater than 1 m . The l a t e r a l d i s t r i b u t i o n of hadrons o f energy greater 
than 50 OeV i s s l i g h t l y steeper than f o r hadrons of energy greater than 
10 GeV. The r a t i o o f n e u t r a l t o charged hadrons i s a l o t lower than 
p r e d i c t e d by c u r r e n t p r o d u c t i o n models. 
A search f o r precursors t o air-showers has also been c a r r i e d o ut. The 
r e s u l t s i m ply t h a t there are a s t a t i s t i c a l l y s i g n i f i c a n t number o f 
precursors i n the range 20 t o 1 00 Jjs before the a r r i v a l o f an air-shower. 
The e a r l y chapters concern themselves w i t h measurements t h a t can be made 
w i t h the f l a s h - t u b e chamber i n i s o l a t i o n . A measurement o f the incoherent 
2 
hadron energy spectrum shows a smoothly f a l l i n g spectrum between 7 .10 GeV 
and 5.10"5 GeV of slope 2 . 7 . 
An upper l i m i t of 2 . 3 . 1 0 ^cm - 2st~" 1'sec~^ has been placed on the s e a -
l e v e l f l u x of high Z p a r t i c l e s . , 
- i i -
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CHAPTER 1 
I N T R O D U C T I O N 
1.1 H i s t o r i c a l introduction 
The nineteenth century saw many advances i n the f i e l d s of e l e c t r i c i t y and 
magnetism, and, i n the closing decades, the discovery of i o n i s i n g radiation 
and the existence of radioactive substances. 
One of the principalinstruments used i n the investigations of e l e c t r i c a l 
phenomena was the electroscope, f i r s t the gold l e a f type then l a t e r (1909) 
the more quantitative Wulf type. 
The p r i n c i p l e of an electroscope i s that two l i g h t highly conductive 
i s o l a t e d metal plates or wires when charged repel each other. They were 
mainly used i n the investigation of e l e c t r o s t a t i c phenomena however i t 
was w e l l known that the metal conductors would not r e t a i n t h e i r charges 
i n d e f i n i t e l y . At f i r s t the cause was thought to be leakage through poor 
ins u l a t i o n to the casing of the electroscope. However, with the advent of 
the atomic theory of matter and the discovery i n 1897 by J . J . Thomson of 
the electron, as w e l l as improved insulation techniques, a better under-
standing of the spontaneous discharge of electroscopes came about, and 
with i t , a new mystery of nature to be solved. 
The discharge was explained as being caused by the presence of non-neutral 
a i r molecules inside the casing of the electroscope. These enabled a net 
flow of charge between the metal conductors and the casing without any 
current flow through the insulation between the two. The question then 
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arose as to how these ionised molecules l o s t t h e i r n e u t r a l i t y . I t was 
believed that some ionising agent (such as alpha or beta p a r t i c l e s ) which 
could penetrate the walls of the electroscope was the cause, and the 
source of these ionising p a r t i c l e s was thought to be minute quantities of 
radioactive materials i n the immediate v i c i n i t y of the electroscope. 
The invention of a more quantitative type of electroscope by Wulf i n 1909 
enabled more systematic investigations of t h i s phenomena to be undertaken 
and i n p a r t i c u l a r the question as to the source of the i o n i s i n g radiation 
could be answered. 
I n 1912 Hess undertook an h i s t o r i c s e r i e s of balloon f l i g h t s i n which he 
carrie d Wulf type electroscopes to altitudes between 2 ,000 and 16 ,000 f t . 
Contrary to popular opinion he discovered that although the rate of 
spontaneous discharge did i n f a c t decrease with altitude upto a height of 
2,000 f t . , beyond this the rate of discharge increased u n t i l at a height 
of 16 ,000 f t . , the rate of discharge was found to be four times the rate 
at s e a - l e v e l . Further balloon f l i g h t s followed, some reaching altitudes 
of 28 ,000 f t . , confirming the discovery that the ioni s i n g radiation did 
indeed come from above. 
Various explanations were forthcoming, C. T. R. Wilson - the inventor of 
the cloud chamber - suggested that the ionised a i r molecules might be caused by 
thunderstorms. Others suggested the presence of traces of radioactive 
elements i n the upper atmosphere. However, neither of these explanations 
could be reconciled with the observations that the rate of discharge, and 
hence the concentration of ionised a i r molecules, did not vary with weather 
conditions, climate or time of year. 
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Hew/ever, the question as to whether the i o n i s i n g radiation came from above 
was s t i l l unanswered i n some physicists* minds. In p a r t i c u l a r , 
R. A. M i l l i k a n , the f i r s t man to measure the charge of an electron, decided 
to conduct a se r i e s of experiments at mountain altitudes and at various 
depths i n lakes between 1923 and 1926 . He concluded that the ionising 
radiation, which he named cosmic rays, did. in f a c t come from above, and 
produced quantitative measurements of the i n t e n s i t y of cosmic rays as a 
function of altitude and depth below water. These measurements were 
extended and improved by Pegener and co-workers i n the l a t e 1 9 2 0 's and 
early 1930's with a s e r i e s of unmanned balloon f l i g h t s , and the f i r s t steps 
i n the task of investigating the cosmic radiation had been undertaken 
producing measurements of the concentration of ion pairs as a function of 
altitude and as a function of depth i n water. 
Piecing together the clues as to the nature of these cosmic rays was under-
taken by M i l l i k a n . Basing h i s hypothesis on the fact that y-rays were the 
most penetrating of the three types of i o n i s i n g radiation then known to 
occur n a t u r a l l y , aiid that the mean free path for Compton c o l l i s i o n s (the 
method by which y-rays were thought to be absorbed) increased with 
increasing photon energy, Millikan proposed that cosmic rays were high 
energy y-rays. He also proposed a model by which they could be produced 
i s o t r o p i c a l l y i n i n t e r s t e l l q r space from the fusion of d i f f e r e n t numbers 
of protons to produce nitrogen, oxygen and s i l i c o n atoms. These p a r t i c u l a r 
atoms, i f produced by the fusion of groups of fourteen, sixteen and twenty-
eight protons respectively would release energy in the form of y-rays of 
energies approximately equal to 26, 110 and 220 MeV resp e c t i v e l y . A 
suitable combination of absorption curves for y-photons of these energies 
- 4 . -
provided a f a i r approximation t o the observed absorption curve f o r a l l 
cosmic r a y s . 
However, the photon nature of cosmic rays c o u l d not e x p l a i n the observed 
geomagnetic effects„ The "East-West" e f f e c t , where more cosmic rays were 
observed t o a r r i v e from the East than the West, and the l a t i t u d e e f f e c t , 
where the i n t e n s i t y of cosmic rays increased as you moved away from the 
equator, i n d i c a t e d t h a t the paths o f the cosmic rays were a f f e c t e d by the 
earth's magnetic f i e l d , and t h a t they thus must be charged, and hence be 
p a r t i c l e s . 
Further evidence f o r the corpuscular nature o f cosmic rays was provided 
by the i n v e n t i o n i n 1929 of the Geiger-Muller tube. This enabled 
i n d i v i d u a l charged p a r t i c l e s t o be detected by a m p l i f y i n g the i o n i s a t i o n 
caused by them using a h i g h e l e c t r i c f i e l d . 
Experiments by Bothe and K o h l h o r s t e r using such tubes placed one above the 
other i n d i c a t e d t h a t the c o i n c i d e n t s i g n a l s observed were too frequent t o 
be caused by the secondary e l e c t r o n s produced by Compton c o l l i s i o n s of 
y-rays. P l a c i n g a t h i c k absorber between the two tubes a l s o f a i l e d t o 
decrease the r a t e of coincidences a p p r e c i a b l y , and they concluded t h a t the 
i o n i s i n g r adiation.must c o n s i s t o f energetic charged p a r t i c l e s which could 
d i r e c t l y t r i g g e r the tubes, and penetrate t h i c k absorbers. 
I n the e a r l y 1930's two experiments using d i f f e r e n t types o f detectors shed 
f u r t h e r l i g h t on the nature o f cosmic rays by observing new i n t e r a c t i o n 
processes which they s u f f e r e d i n t h i c k t a r g e t s . Rossi performed experiments 
using t r i a n g u l a r arrangements o f Geiger-Muller tubes underneath l e a d and 
observed coincidences which c o u l d only be caused by the presence of more 
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than one i o n i s i n g p a r t i c l e below the lead. These p a r t i c l e s c o u l d not have 
been produced by i o n i s a t i o n processes, since the energies o f secondary 
p a r t i c l e s produced by i o n i s a t i o n are too low. B l a c k e t t and O c c h i a l i n i i n 
1933 using a counter c o n t r o l l e d cloud chamber observed m u l t i p l e secondary 
p a r t i c l e s produced by an i n t e r a c t i o n o f a cosmic ray outside the confines 
of the chamber. 
Extending h i s experiments to absorbers o f d i f f e r e n t thicknesses Rossi 
produced shower curves which i n d i c a t e d t h a t as the thickness o f absorber 
was increased, so d i d the number o f charged p a r t i c l e s emerging u n t i l a t 
some c r i t i c a l thickness the number of charged p a r t i c l e s produced began t o 
decrease i f the thickness o f the absorber was increased f u r t h e r . He also 
found t h a t the r a t e at which showers were observed v a r i e d between absorbers 
o f d i f f e r e n t m a t e r i a l s b ut o f the sajne t h i c k n e s s . The r a t e a t which showers 
were produced under lead, i r o n and aluminium o f the same thickness were 
found t o be i n the r a t i o o f 4 : 2 : 1 . N e i t h e r r e s u l t was e x p l i c a b l e by 
the Gompton e f f e c t and i o n i s a t i o n processes alone. 
At about the same time as these r e s u l t s were becoming a v a i l a b l e a more 
exact theory o f the i n t e r a c t i o n s o f charged p a r t i c l e s w i t h matter was 
developed by Bethe and H e i t l e r . T h e i r c a l c u l a t i o n s o f the r a d i a t i o n losses 
by charged p a r t i c l e s by bremsstrahlung as they traversed matter i n d i c a t e d 
these losses were much g r e a t e r - f o r a given mass per u n i t area - i n 
elements o f hi g h atomic number than i n elements o f low atomic number, and 
t h a t r a d i a t i o n losses increase r a p i d l y w i t h energy, thus o v e r t a k i n g 
i o n i s a t i o n l osses. They also conducted c a l c u l a t i o n s on the p a i r p r o d u c t i o n 
process by which y-photons m a t e r i a l i s e i n the e l e c t r i c f i e l d o f a nucleus 
i n t o an e l e c t r o n and a p o s i t r o n . These c a l c u l a t i o n s produced the then 
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s t a r t l i n g r e s u l t s t h a t a t energies g r e a t e r than s e v e r a l MeV i n lead the 
p a i r p r o d u c t i o n process overtakes the Compton e f f e c t as the most important 
abs o r p t i o n process f o r y-rays. 
The c u r r e n t l y h e l d view of the nature of cosmic rays was t h a t they were 
e l e c t r o n s , b u t the conclusions of Bethe and H e i i l e r t h a t the r a d i a t i o n 
losses were more important than i o n i s a t i o n losses, i n d i c a t e d t h a t the 
e l e c t r o n s - being very l i g h t p a r t i c l e s and hence e a s i l y a f f e c t e d by 
bremsstrahlung processes - must have absurdly high energies i n order t o 
t r a v e r s e the large amounts o f absorber they were observed t o have. 
However, a model o f the shower process was developed along the l i n e s 
i n d i c a t e d by Bethe and H e i t l e r . The secondary shower p a r t i c l e s observed 
under t h i c k absorbers were assumed to come from a cascade process i n s i d e 
the absorber whereby an i n i t i a t i n g e l e c t r o n c r photon underwent e i t h e r a 
bremsstrahlung or a p a i r production i n t e r a c t i o n producing two p a r t i c l e s , 
an e l e c t r o n and a photon or an e l e c t r o n and a p o s i t r o n . These p a r t i c l e s 
then t r a v e l on t o undergo s i m i l a r i n t e r a c t i o n s ( o r an e l e c t r o n - p o s i t r o n 
a n n i h i l a t i o n process i n the case o f the p o s i t r o n ) each i n t e r a c t i o n producing 
two p a r t i c l e s where only one e x i s t e d . The ensuing cascade process produced 
many p a r t i c l e s , the number increased as the thickness o f t a r g e t increased. 
However the cascade process also caused an energy degradation u n t i l the 
energy per p a r t i c l e became too low f o r these high energy processes and any 
f u r t h e r i n t e r a c t i o n s would be by Compton s c a t t e r i n g and i o n i s a t i o n c o l l i s i o n s , 
reducing the number of secondary p a r t i c l e s o f s u f f i c i e n t energy t o leave 
the absorber. 
This shower or cascade model was shown t o e x p l a i n the d i f f e r e n t shower 
curves observed, and the primary e l e c t r o n or photon i n i t i a t i n g the cascade 
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was thought t o come from a s i m i l a r cascade produced i n the atmosphere. 
This explanation went a l o n g way t o e x p l a i n i n g the nature o f cosmic rays 
as observed, but c o u l d not exp l a i n the presence of p e n e t r a t i n g p a r t i c l e s 
which could traverse l a r g e amounts o f matter w i t h o u t i n t e r a c t i n g . These 
p a r t i c l e s were a t f i r s t thought to be extremely high energy e l e c t r o n s only 
l o s i n g a small f r a c t i o n o f t h e i r energy by i o n i s a t i o n as they t r a v e r s e d 
matter. However as the theory of Bethe and H e i t i e r ^1954) 
became accepted, i t became c l e a r t h a t these p a r t i c l e s c o u l d not be e l e c t r o n s 
since r a d i a t i o n losses dominate i o n i s a t i o n losses fox- e l e c t r o n s a t higher 
energies. According t o the same theory, i f these p a r t i c l e s were only 
l o s i n g energy by i o n i s a t i o n , then they must be much heavier than e l e c t r o n s . 
The n a t u r a l candidate was the p r o t o n , -/.'hose mass was known t o be A/1 000 times 
the mass o f an e l e c t r o n . However, experiments soon showed t h a t these 
p e n e t r a t i n g p a r t i c l e s d i d not behave l i k e protons. 
P e n e t r a t i n g p a r t i c l e s observed i n m u l t i p l a t e cloud chambers, where t h e i r 
magnetic r i g i d i t y was also measured, d i d n o t i o n i s e as s t r o n g l y as protons 
of the same r i g i d i t y , i m p l y i n g t h a t they had a mass less than the mass o f 
a p r o t o n . Experiments by S t r e e t and Stevenson around 1937 on low energy 
p e n e t r a t i n g p a r t i c l e s determined the mass o f such p a r t i c l e s which came t o 
r e s t i n s i d e the cloud chamber. They found them t o have a mass 200 times 
the mass o f an e l e c t r o n , and thus proved the existence o f a new p a r t i c l e , 
the rau-meson. 
The discovery of a second type of meson, the pi-meson i n 1 9 4 7 , almost 
e s t a b l i s h e d a coherent view o f cosmic rays and opened a new chapter i n 
elementary p a r t i c l e p h y s i c s , the spectrum o f hadrons. The discovery o f 
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the pi-meson by observation of i t s decay i n t o the muon and the l a t t e r 1 s 
subsequent decay i n t o an e l e c t r o n i n a nuclear emulsion, provided an 
exp l a n a t i o n f o r the nuclear i n t e r a c t i v e p a r t i c l e s observed t o produce 
showers i n m u l t i p l a t e cloud chambers and s t a r s i n nuclear emulsions, 
which e f f e c t s c o u l d n o t be explained by mu-mesons or e l e c t r o n s . The 
l a s t piece i n the jigsaw puzzle o f cosmic ray showers came w i t h a c c e l e r a t o r s 
—8 
the discovery of the n e u t r a l pi-meson which had a l i f e t i m e some 1 0 times 
l e s s than a charged pi-meson, decaying almost instantaneously i n t o two 
y-photons. 
By the e a r l y 1950's the p i c t u r e o f the cosmic r a y shower process was 
complete. The primary cosmic rays were the long l i v e d protons which 
i n t e r a c t e d w i t h a i r n u c l e i t o produce a shower o f charged and n e u t r a l 
pi-mesons. The n e u t r a l pi-mesons immediately decayed i n t o y-photons 
i n i t i a t i n g an e l e c t r o n - photon shower. The high energy charged pi-mesons 
i n t e r a c t e d w i t h f u r t h e r a i r n u c l e i t o produce f u r t h e r p i o n showers. This 
nuclear cascading process c o n t r i b u t e d t o the e l e c t r o n - photon shower 
process and also served t o degrade the energy c a r r i e d by the pi-meson 
component. These pi-mesons of low energy e v e n t u a l l y decayed t o produce 
mu-mesons which provided the second most abundant component o f s e a - l e v e l 
cosmic r a d i a t i o n . . 
1 . 2 O u t l i n e of the f o l l o w i n g chapters 
I n the f o l l o w i n g chapters are described v a r i o u s measurements of important 
components o f the cosmic r a d i a t i o n a t se a - l e v e l using a f l a s h - t u b e chamber. 
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Chapter 2 provides an i n t r o d u c t i o n t o the fla s h - t u b e chamber and the 
techniques by which these various components o f the cosmic r a d i a t i o n can 
be i n v e s t i g a t e d u s i n g the fl a s h - t u b e chamber i n i s o l a t i o n . 
Chapter 3 describes, by way o f an experiment conducted t o i n v e s t i g a t e a 
phenomenon of r e l a t i v i s t i c electromagnetic e f f e c t s , the i o n i s a t i o n process 
i n d e p t h . This l a t t e r i s fundamental t o the e f f e c t i v e n e s s o f the f l a s h -
tube chamber as an i n v e s t i g a t i v e instrument. A thorough understanding o f 
the process i s e s s e n t i a l t o the c o r r e c t i n t e r p r e t a t i o n of the f l a s h - t u b e 
chamber's responses t o the various components o f cosmic r a d i a t i o n . 
Chapter 4 i s concerned w i t h an experiment t o measure the energy spectrum 
o f hadrons i n s e a - l e v e l cosmic r a d i a t i o n . This i s considered an important 
component i n i t s own r i g h t since i t i s the only n a t u r a l phenomenon o f 
phy s i c s , a t energies t h a t are orders o f magnitude hig h e r than can p r e s e n t l y 
be a t t a i n e d by a r t i f i c i a l means, which i s d i r e c t l y observable i n the 
immediate environment. 
P o s s i b l e candidates as h i g h l y charged fundamental p a r t i c l e s observed i n 
the l a t t e r experiment are i n v e s t i g a t e d i n depth i n Chapter 5« The problems 
o f i n t e r p r e t a t i o n encountered i n a l l i n v e s t i g a t i o n s o f n a t u r a l phenomena, 
lead t o i n t e r e s t i n g c o n s iderations on some basic formation processes 
in v o l v e d i n nuclear-electromagnetic cascade pr o d u c t i o n . 
The a v a i l a b i l i t y o f an extensive air-shower a r r a y i n the v i c i n i t y o f the 
fl a s h - t u b e chamber made i t necessary to modify the chamber i n order t o 
use i t i n c o n j u n c t i o n w i t h the arr a y . Chapter 6 describes these m o d i f i c a t i o n s , 
as w e l l as a b r i e f d e s c r i p t i o n o f the a r r a y . 
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The array was designed t o study air-showers whose primary p a r t i c l e s ' 
energies l i e i n the r e g i o n o f a d i s t i n c t steepening of the primary cosmic 
r a d i a t i o n ' s energy spectrum. This region provides an i n t e r e s t i n g area 
o f study because, although only a t f a i r l y mediocre energies compared w i t h 
the m a j o r i t y o f air-showers t h a t have been i n v e s t i g a t e d i n the p a s t j the 
energy r e g i o n i s j u s t beyond the c a p a b i l i t i e s o f e x i s t i n g p a r t i c l e 
a c c e l e r a t o r s . Such a p o s i t i o n provides a hot debating ground as to whether 
the steepening o f the spectrum i s an a s t r o p h y s i c a l or a nuclear p h y s i c a l 
e f f e c t . A l t e r n a t i v e causes o f the steepening t o the p r e s e n t l y accepted 
a s t r o p h y s i c a l explanations would i n v o l v e e i t h e r the onset of new p h y s i c a l 
processes i n high energy i n t e r a c t i o n s , or the c r e a t i o n o f new, and as y e t 
undetected, classes of p a r t i c l e s . Both the l a t t e r phenomena can be f r u i t -
f u l l y i n v e s t i g a t e d using the f l a s h - t u b e chamber i n c o n j u n c t i o n w i t h an 
air-shower a r r a y . 
The f o l l o w i n g chapter describes how air-shower events are i n t e r p r e t e d u sing 
the air-shower a r r a y , whereas Chapters 9 t o 11 describe such i n v e s t i g a t i o n s 
which have been c a r r i e d out. 
Chapter 8 i s a survey of the a v a i l a b l e t h e o r e t i c a l and experimental studies 
o f f a s t e r than l i g h t p a r t i c l e s , c a l l e d tachyons. These, i f they e x i s t , 
and are produced a t the energies i n question, c o u l d , by t h e i r unusual 
energy a t t r i b u t e s , provide a s i n k f o r the energy of higher energy p a r t i c l e s , 
and thus cause a steepening o f the observed primary spectrum. 
There f o l l o w s a d e s c r i p t i o n , Chapter 9 , o f a search f o r tachyons, whose 
r e s u l t s r a i s e an i n t r i g u i n g , but i n x r a p l e t e l y persuasive, question mark as 
t o the existence o f such p a r t i c l e s . 
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Chapters 10 and 11 are r e s p e c t i v e l y concerned w i t h the muonic and hadronic 
components o f air-showers. The r e s u l t s are compared w i t h comparative previous 
experiments and model-dependant p r e d i c t i o n s , as w e l l as w i t h l a b o r a t o r y 
measurements a t energies j u s t below the energies under i n v e s t i g a t i o n . 
Summaries and Conclusions are provided at the end o f each chapter and a 
q u a l i t a t i v e summary of the knowledge acquired dulling these i n v e s t i g a t i o n s 
i s given i n Chapter 1 2 . 
- 12 -
CHAPTER 2 
T H E F L A S H - T U B E C H A M B E R 
2.1 I n t r o d u c t i o n 
The f l a s h - t u b e chamber i s a large area v i s u a l d e t e c t o r o f cosmic ray p a r t i c l e s . 
I t can be used: 
a. ) To i d e n t i f y p a r t i c l e s w i t h anomolously high or low ionising powers 
(see Chapters 3 and 5 ) . 
b. ) To measure the energies and a r r i v a l d i r e c t i o n s o f i n d i v i d u a l 
p a r t i c l e s t h a t i n t e r a c t i n the chamber (see Chapters 4 and 11 ) . 
c. ) To observe t h e i n d i v i d u a l tracks o f p e n e t r a t i n g p a r t i c l e s (see 
Chapter 1 0 ) . 
The v a r i o u s t r i g g e r i n g modes a v a i l a b l e to the fl a s h - t u b e chamber allow 
e i t h e r the p r o p e r t i e s of unaccompanied p a r t i c l e s or p a r t i c l e s associated 
w i t h air-showers t o be observed and measured. 
2 . 2 The neon f l a s h - t u b e 
When an i o n i s i n g p a r t i c l e passes through the gas of a neon f i l l e d f l a s h -
tube i t produces p o s i t i v e i o n s , f r e e e l e c t r o n s and e x c i t e d gas atoms. 
I n Lloyd's discussion of the problem he concludes t h a t only the f r e e 
electrons thus generated can cause a discharge i f an e l e c t r i c f i e l d i s 
ap p l i e d across the tube a f t e r time t ^ p.s ( L l o y d , 1 9 6 0 ). E s s e n t i a l l y 
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t h i s i s because i n order t o cause a discharge an avalanche of e l e c t r o n s 
needs t o be.created on the a p p l i c a t i o n o f the e l e c t r i c f i e l d . The 
r e l a t i v e l y massive ions move too s l o w l y t o cause such an avalanche, and 
the photons emitted from the decay to ground s t a t e of the e x c i t e d gas 
atoms have too low a p h o t o i o n i s a t i o n c o e f f i c i e n t . 
I n the time t d , the f r e e electrons can be removed from the gas by v a r i o u s 
means: 
a. ) Recombination w i t h the p o s i t i v e i o n s . This process can be neglected 
- because of the small number of e l e c t r o n - i o n p a i r s created and the 
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v e r y low value o f the recombination c o e f f i c i e n t ( ~ 1 0 cm /sec) 
b. ) Attachment t o e l e c t r o n e g a t i v e i m p u r i t i e s , t h i s process can only be 
neglected i f the tubes have been a c c u r a t e l y evacuated and then f i l l e d 
w i t h neon gas of s u f f i c i e n t l y h i g h p u r i t y 
c. ) D i f f u s i o n t o the glass w a l l s where the e l e c t r o n s s t i c k and cannot 
come back i n t o the gas 
d. ) D r i f t i n g to the glass w a l l under the a c t i o n o f any e l e c t r i c f i e l d 
t h a t may be present. This process can only be neglected i f s u f f i c i e n t 
time i s allowed between i o n i s a t i o n events f o r the gas t o recover. 
L l o y d set up d i f f u s i o n equations f o r the e l e c t r o n s produced and solved 
them t o f i n d the p r o b a b i l i t y t h a t a discharge would take place i f an 
e l e c t r i c f i e l d were a p p l i e d t d ; J S a f t e r the passage of the i o n i s i n g 
p a r t i c l e . He found t h a t the p r o b a b i l i t y of a discharge o c c u r r i n g ( t h e 
i n t e r n a l e f f i c i e n c y ) can be expressed as a f u n c t i o n of D.td/ 2 (where D 
i s the d i f f u s i o n c o e f f i c i e n t of thermal electrons and a i s the i n t e r n a l 
radius o f the t u b e ) , w i t h the parameter a f q (where f i s the p r o b a b i l i t y 
t h a t a s i n g l e e l e c t r o n produces an avalanche and q i s the p r o b a b i l i t y per 
u n i t t r a c k l e n g t h of the primary p a r t i c l e producing an e l e c t r o n - i o n p a i r ) , 
His r e s u l t s a r e di s p l a y e d by the curves o f P i g . 2 . 7 . 
2.3 The fl a s h - t u b e chamber 
2.3.1 C o n s t r u c t i o n o f the flash-tu b e chamber 
Scale diagrams o f the chamber are shown i n f r o n t and side view i n F i g s . 
2.1 and 2 . 2 . The f l a s h - t u b e s a r e 2 metres long of mean i n t e r n a l diameter 
1 . 5 8 cms and mean e x t e r n a l diameter 1 . 7 8 cms. They are made o f soda glass 
f i l l e d w i t h neon gas ( 9 8 # ) and helium gas ( 2 ^ ) t o a pressure o f 6 0 cm Hg. 
A l t e r n a t e l a y e r s c o n t a i n 8 4 and 8 5 tubes, the tube p o s i t i o n s b e i n g 
staggered w i t h respect t o the l a y e r s immediately above and below. Each 
tube i s covered w i t h a bla c k polythene s l e e v i n g t o i n h i b i t l i g h t t r a n s f e r 
between neighbouring tubes. There are a t o t a l o f 1 0 , 7 4 8 f l a s h tubes used 
i n the chamber. 
Between every ot h e r l a y e r o f fl a s h - t u b e s there i s an aluminium el e c t r o d e 
0 . 1 2 2 cms t h i c k , 3.3 cms ap a r t . I n the sections F2 and F3 (see F i g . 2 . 2 ) 
2 
the electrodes cover an area o f 2 . 9 4 m . I n the sections F 1 a , F 1 b , F4a 
and F 4 b the electrodes are s h o r t e r i n depth by 30 cms, and cover an area 
2 
o f 2 . 4 8 m . 
The r o o f o f the chamber i s 15 cms o f lead. This serves 2 f u n c t i o n s : 
a.) To f i l t e r out the s o f t component (low energy electrons and photons) 
of the cosmic r a d i a t i o n so t h a t the f l a s h - t u b e photographs c l e a r l y 
i d e n t i f y the more p e n e t r a t i n g components (muons and hadrons). 
FIG. 2-1 
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b,) To act as a t a r g e t f o r nuclear i n t e r a c t i o n s o f hadrons. 
Below the r o o f are t h e f i r s t d e f i n i n g layers o f flash-tubes P1a. There 
are 8 l a y e r s o f flash-tubes i n P1 a pushed back 15 cms w i t h respect t o the 
f r o n t o f the main body o f f l a s h - t u b e s (P2 and F3). These act as: 
a. ) a v i s u a l i d e n t i f i e r o f nuclear i n t e r a c t i o n s t h a t occur i n the lead. 
b. ) an i d e n t i f i e r o f the nature o f the hadron (charged or n e u t r a l ) t h a t 
undergoes a nuclear i n t e r a c t i o n i n the i r o n t a r g e t . 
c. ) . a d e f i n i n g l a y e r f o r s i n g l e p a r t i c l e t r a c k s whose i o n i s i n g power can 
be gauged from the main body o f the chamber (P2 and P3) w i t h o u t the 
p o s s i b i l i t y o f edge e f f e c t s i . e . the reduced e f f i c i e n c y o f a f l a s h -
tube a few cms beyond the edge of the e l e c t r o d e (Ashton e t a l 1971). 
Below P1 a there i s a 15 cm i r o n t a r g e t f o r nuclear i n t e r a c t i o n s . There 
are a f u r t h e r 6 l a y e r s (P1b) o f d e f i n i n g f l a s h - t u b e s , then the main body 
o f f l a s h - t u b e s P2 (52 l a y e r s ) and F3 (44 l a y e r s ) . Below these there are 
a f u r t h e r 2 d e f i n i n g sections, P4a (6 l a y e r s ) and F4b (8 l a y e r s ) . 
2 
D i r e c t l y below each t a r g e t t h e r e i s a p l a s t i c s c i n t i l l a t o r o f area 1.05 m 
and thickness 5 cms, each viewed by f i v e 53 AVP p h o t o m u l t i p l i e r tubes and 
one 56 AVP tube (see f i g . 23). These s c i n t i l l a t o r s measure the number of 
el e c t r o n s produced i n the e l e c t r o n photon shower caused by a nuclear 
i n t e r a c t i o n i n e i t h e r t a r g e t . Above the lead a r e three large l i q u i d 
s c i n t i l l a t o r s used t o measure any air-shower accompaniment. These 
2 
s c i n t i l l a t o r s are each o f area 1 .24 m , depth 15 cms and .-re each viewed by 
two EMI 9583B p h o t o m u l t i p l i e r tubes (see f i g . 2 .4) . 
The sides o f the chamber are p r o t e c t e d from background cosmic r a d i a t i o n by 
30 cm t h i c k w a l l s o f barytes concrete. The whole chamber i s kept i n 
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continuous darkness, e n a b l i n g the use of a s h u t t e r l e s s camera. This means 
th a t the camera i s co n t i n u o u s l y s e n s i t i v e , the f i l m being wound on one 
frame a u t o m a t i c a l l y a f t e r each event. 
2.3.2 The h i g h voltage p u l s i n g system 
I n order t h a t a v i s i b l e discharge occurs i n a neon f l a s h - t u b e a f t e r the 
passage of an ioni;\ing p a r t i c l e a high v o l t a g e pulse must be applied t o 
the aluminium electrodes. This high v o l t a g e pulse i s provided by the 
c i r c u i t r y o f P i g . 2.6, which i s t r i g g e r e d by a 300 v o l t pulse provided by 
a t h y r i s t o r . 
The occurrence of a s e l e c t e d event provides a 5 v o l t t r i g g e r pulse to the 
t h y r i s t o r . The +300 v o l t output pulse of the t h y r i s t o r i s f e d i n t o a h i g h 
voltage pulse transformer ( P i g . 2.5), the output o f which provides the 
t r i g g e r pulse f o r the " T r i g a t r o n " spark gap, 
A v o l t a g e o f +16 kV i s a p p l i e d across the main spark gap, the t r i g g e r 
spark causes the gap t o break down l a r g e l y by the produ c t i o n of photo-
e l e c t r o n s . The high v o l t a g e pulse a p p l i e d t o the electrodes i s approx-
imately r e c t a n g u l a r i n shape o f height 8 kV and 10 /as d u r a t i o n , i t i s 
produced by the c i r c u i t o f F i g . 2.6. When the main gap of the T r i g a t r o n 
breaks down, the lumped c i r c u i t transmission l i n e discharges through i t s 
c h a r a c t e r i s t i c impedance producing a r e c t a n g u l a r pulse f o r a time 2n/L0 
( f o r n i d e n t i c a l L, 0 st a g e s ) . The transmission l i n e has f o u r stages each 
of capacitance 0 = 0.1 uF and inductance L - 22 uH. The capacity of the 
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2 . 4 Use of the f l a s h - t u b e chamber i n measuring the charge o f i n d i v i d u a l 
p a r t i c l e s 
I t i s c l e a r from the work o f L l o y d ( 1 9 6 0 ) (see Section 2 . 2 ) t h a t the 
e f f i c i e n c y of a neon f l a s h - t u b e response t o a charged p a r t i c l e depends on 
the charge o f the p a r t i c l e and the time delay between the passage o f the 
p a r t i c l e and the a p p l i c a t i o n of the high-voltage p u l s e . 
By observing the response o f the fl a s h - t u b e chamber a t various time-delays 
t o the passage of a s i n g l y charged p a r t i c l e previous authors (Cooper [ 1 9 7 4 ] , 
Parvaresh [ l 975] , Saleh [1975] , see a l s o Chapter 3) have determined the 
" i o n i z a t i o n parameter" afQ f o r the flash-tubes used i n the chamber t o be 
9 f o r Z = 1 p a r t i c l e s . Hence, since Q ( t h e p r o b a b i l i t y per u n i t t r a c k 
l e n g t h o f p a r t i c l e producing a f r e e e l e c t r o n ) i s the only component o f 
2 
t h i s parameter dependent on the charge of the i o n i s i n g p a r t i c l e , Q °< Z 
( a = i n t e r n a l diameter o f the f l a s h - t u b e , f = p r o b a b i l i t y t h a t a s i n g l e 
e l e c t r o n produces an avalanche), i t i s a simple matter t o i n f e r the 
response of the f l a s h - t u b e chamber t o p a r t i c l e s w i t h unusually high or low 
values o f Z, the e l e c t r i c charge o f the p a r t i c l e . 
F i g . 2 . 7 shows the expected i n t e r n a l e f f i c i e n c y o f the f l a s h - t u b e chamber 
f o r p a r t i c l e s o f Z = 3 ( q u a r k s ) , Z = 1 , Z = 10 (Yodc-partides, Yock [1 973] ) , 
Z = 6 8 . 5 ( D i r a c monopole) and Z = 137 (Schwinger monopole), as a f u n c t i o n of 
time-delay. F i g s . 2 . 8 a ) and 2 . 8 b ) show the expected response of the f l a s h -
tube chamber t o these p a r t i c l e s f o r a t y p i c a l l y short ( 2 0 ;JS) time-delay 
and a t y p i c a l l y long (330 us) time-delay. The e x c e p t i o n a l l y broad tracks 
produced by the highly-charged p a r t i c l e s are due t o the large number of 
knock-on e l e c t r o n s produced by these p a r t i c l e s . F i g . 2 . 8 c ) shows the 
response of the chamber t o Z = 137 p a r t i c l e a t t d = 600 us. 
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I n order t o measure the i n t e r n a l e f f i c i e n c y corresponding t o these tracks 
the number o f l a y e r s f l a s h e d i n F2 and F3 i s counted. Only those t r a c k s 
which show a t r a c k i n the d e f i n i n g layers PI a, b and F4a, b are considered 
since t h i s avoids i n t r o d u c i n g spurious low e f f i c i e n c y tracks due t o "edge-
e f f e c t s " . (See Chapter 3.) This number d i v i d e d by the t o t a l number ( 9 6 ) 
o f l a y e r s i n F2 and F3 gives the l a y e r e f f i c i e n c y T| . To convert t h i s 
t o the i n t e r n a l ef f i c i e n c y l ] ^ . i t has to be m u l t i p l i e d by the r a t i o o f the 
t o t a l a r e a covered by the flash-tubes to the s e n s i t i v e area, i . e . 
1 1.58 L L 
2.5 Use o f the f l a s h - t u b e chamber i n measuring the energies of i n t e r a c t i n g 
p a r t i c l e s 
2.5.1 Nuclear-electromagnetic cascades 
Y/hen a hadron t r a v e l s through a dense medium o f depth gre a t e r than or of 
the order o f i t s i n t e r a c t i o n l e n g t h i n t h a t medium there i s a h i g h 
p r o b a b i l i t y t h a t i t w i l l s u f f e r a strong i n t e r a c t i o n . This p r o b a b i l i t y 
f o l l o w s an exponential d i s t r i b u t i o n w i t h the amount of medium t r a v e l l e d 
through. The r e s u l t i s the produc t i o n of a number o f secondary hadrons 
(predominantly p i o n s ) . I f the i n c i d e n t hadron i s a pion then a l l o f i t s 
energy w i l l be taken up by the secondary p a r t i c l e s , w h i l s t a nucleon 
only loses a f r a c t i o n of i t s energy and t r a v e l s on t o i n t e r a c t again. 
The pions produced e i t h e r t r a v e l deeper t o s u f f e r f u r t h e r i n t e r a c t i o n s 
(as i n the case f o r J~C^  o r immediately decay i n t o two photons (TX°) = 
The p r o b a b i l i t y of a f a s t charged pion decaying i n a dense medium i s small 
compared w i t h the p r o b a b i l i t y of i n t e r a c t i o n . 
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The photons produced e i t h e r m a t e r i a l i s e or undergo a Compton c o l l i s i o n . 
The e l e c t r o n s and p o s i t r o n s thus produced w i l l lose energy predominantly 
by r a d i a t i o n , and the photons produced w i l l give r i s e t o f u r t h e r e l e c t r o n s 
and p o s i t r o n s . 
Since the secondary p a r t i c l e s have the same order o f magnitude energies 
as the p r i m a r i e s , energy degradation i s slow compared w i t h the increase 
i n the number of e l e c t r o n s and photons. 
This allows a s i g n i f i c a n t increase i n the t o t a l number of p a r t i c l e s as the 
cascade develops w i t h depth. E v e n t u a l l y the p o i n t i s reached where the 
mean energy o f the e l e c t r o n s f a l l s below the c r i t i c a l energy and c o l l i s i o n 
losses become more important than bremsstrahlung. The t o t a l number o f 
p a r t i c l e s i n the cascade now begins t o decrease and the energy in p u t i s 
d i s s i p a t e d i n e x c i t a t i o n and i o n i z a t i o n of the atoms of the medium. 
I f the t a r g e t i s o f f i n i t e thickness then showers o f e l e c t r o n s and photons 
w i l l emerge a t various stages of development and from the number of 
e l e c t r o n s appearing below the t a r g e t some measure of the energy of the 
i n i t i a t i n g hadron can be ascertained. 
The emerging shower o f e l e c t r o n s w i l l be broadened due t o m u l t i p l e 
s c a t t e r i n g o f the e l e c t r o n s and the angular separation of the e l e c t r o n s 
produced by p a i r - p r o d u c t i o n . Less i m p o r t a n t , because of the higher energies 
i n v o l v e d , broadening e f f e c t s also a r i s e from the transverse momenta o f the 
pions, m u l t i p l e s c a t t e r i n g of the p i o n s , and the angular s e p a r a t i o n of the 
photons fromTX decay. 
The f l a s h - t u b e chamber can be used t o measure the energies of the i n c i d e n t 
hadrons by e i t h e r : 
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a. ) Measurements of the number of p a r t i c l e s produced i n such a process 
under the lea d or i r o n and c a l c u l a t i o n of the r e l a t i o n s h i p between 
these measurements and the primary energy i n p u t i n t o the cascade. 
This technique i s used f o r the hadron energy measurements of 
Chapter 4 . 
or 
b. ) Measurement of the w i d t h o f the b u r s t produced below e i t h e r the lead 
or the i r o n t a r g e t and e i t h e r c a l c u l a t i o n of the r e l a t i o n s h i p between 
the w i d t h o f the cascade and the primary energy i n p u t s , or by 
measuring the r e l a t i o n s h i p between the w i d t h o f the b u r s t and the 
b u r s t - s i z e and c a l i b r a t i n g the b u r s t w i d t h - primary energy r e l a t i o n -
s h i p using a . ) . The former technique has been shown t o be i n s e n s i t i v e 
(Coats [ 1 5 6 7 ] ) , Cooper [ 1 9 7 4 ] ) a t s h o r t time-delay because of the 
m u l t i p l e s c a t t e r i n g o f l a v energy e l e c t r o n s . Hence the l a t t e r 
technique has been used f o r the hadron energy measurements of 
Chapter 11 . 
2.5.2 Measurement of b u r s t size w i t h the flash-t u b e chamber 
The p l a s t i c s c i n t i l l a t o r s A (under the i r o n ) and C (under the lead) 
f a c i l i t a t e the measurement o f the number o f p a r t i c l e s emerging from e i t h e r 
t a r g e t consequent t o a nuclear i n t e r a c t i o n t a k i n g place. The s c i n t i l l a t o r s 
are p o s i t i o n e d d i r e c t l y below each t a r g e t and w i t h t h e i r f r o n t s l i n e d up 
w i t h the f r o n t of the d e f i n i n g l a y e r s , F l a , F 1 b (see F i g , 2.2). This 
ensures t h a t the whole o f the b u r s t measured by the s c i n t i l l a t o r passes 
through the d e f i n i n g l a y e r s . The s c i n t i l l a t o r s were c a l i b r a t e d by measuring 
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t h e i r response t o v e r t i c a l p e n e t r a t i n g p a r t i c l e s passing through the centre 
of each s c i n t i l l a t o r f o r d i f f e r e n t values of the h i g h v o l t a g e a p p l i e d t o 
the p h o t o m u l t i p l i e r s . 
The c a l i b r a t i o n s were c a r r i e d out and thoroughly described by previous 
authors (Cooper [1 974] , Saleh [1 975] ) . The c a l i b r a t i o n curves f o r b o t h 
s c i n t i l l a t o r s are shown i n F i g . 2 . 9 . 
2 . 5 . 3 The b u r s t - s i z e energy r e l a t i o n s h i p s 
These have been c a l c u l a t e d by previous authors (Cooper [1 9 7 4 ] , Parvaresh 
[ 1 9 7 5 ] , Saleh [ 1 9 7 5 ] , N a s r i [ 1 9 7 7 ]) and a d e s c r i p t i o n of t h e i r methods i s 
presented i n Appendix V I I . The r e s u l t s o f t h e i r c a l c u l a t i o n s are presented 
i n F i g s . 2 . 1 0 and 2 .11 . I t can be seen t h a t a b u r s t - s i z e of N p a r t i c l e s 
below 15 cm of lead or i r o n corresponds approximately t o ©n average & 
hadron w i t h primary energy N GeV. 
2 . 5 « 4 The measurement o f b u r s t - w i d t h w i t h the f l a s h - t u b e chamber 
The w i d t h o f a b u r s t can be measured by p r o j e c t i n g the photograph o f the 
event onto a 1 | 20 scale drawing o f the f r o n t - v i e w of the chamber. For 
s h o r t time-delay the whole of the b u r s t w i d t h i s measured, b u t t h i s method 
i s i m p r a c t i c a l f o r events > 1000 p a r t i c l e s as the b u r s t w i d t h f i l l s the 
chamber. For the higher energy events a long time-delay ( 3 3 0 us) i s used 
and the r e s u l t i n g photograph gives an image of the core of the shower. 
The b u r s t - w i d t h on long time-delay i s then defined as the number of f l a s h e s 
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w i t h i n - 2" cm on the scanning sheet, o f the centre o f the b u r s t . 
I n b o t h cases the b u r s t w i d t h measurement i s made e i t h e r i n F1 a ( f o r 
b u r s t s t h a t are produced i n the lead) or F i b ( f o r b u r s t s t h a t a re produced 
i n the i r o n ) . 
2 .5 .5 The b u r s t - w i d t h - b u r s t - s i z e r e l a t i o n s h i p 
I n Chapter 5 ( F i g . 5 .9) are shown the r e s u l t s o f c a l c u l a t i o n s o f the b u r s t -
w i d t h s f o r d i f f e r e n t ages o f shower. P i g s . 5 .12b) , 5 . 1 3 b ) , 5 . H b ) show how 
the p r e d i c t i o n s f rom theo ry adequately descr ibe the measured b u r s t - w i d t h s 
on l o n g t ime-de l ay . However P i g . 2.12 shows the comparison between the 
theory and experiment f o r s h o r t - t i m e d e l a y . The exper imenta l r e s u l t s are 
f rom two experiments performed by Coats (1967) i n wh ich the b u r s t spec t ra 
produced i n 25 cms o f i r o n f rom h o r i z o n t a l muons ( e l e c t r o m a g n e t i c ) and 
v e r t i c a l p a r t i c l e s ( m a i n l y nuclear - e l ec t romagne t ic ) were measured on sho r t 
t i m e - d e l a y . 
The p r e d i c t e d r e l a t i o n s h i p between b u r s t s i ze and b u r s t w i d t h can be seen 
t o f a l l much lower than e i t h e r o f the measured r e l a t i o n s h i p s . This i s 
thought t o be due to the h i g h s c a t t e r i n g o f the low energy e lec t rons which 
have an almost i s o t r o p i c angular d i s t r i b u t i o n (l»5essel and Crawford [ l 970] ) . 
I n o r d e r , then , t o measure the energies o f the pr imary p a r t i c l e s f rom the 
w i d t h o f the b u r s t s they produce a t sho r t t ime-delays i t i s necessary t o 
measure the b u r s t w i d t h - b u r s t s ize r e l a t i o n s h i p and then use the curves o f 
2.10 and 2.11 f o r the f i n a l b u r s t - w i d t h t o energy c o n v e r s i o n . 
Such measurements have been made by Cooper (^^7^^•) and Saleh (1975) and the 
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P i g s . 2.15 and 2.16 show the r e s u l t i n g b u r s t - w i d t h energy r e l a t i o n s h i p s 
d e r i v e d f rom F i g s . 2 . 1 0 , 2.11 , 2 . 1 3 , 2 .14 . 
2.6 The v a r i o u s t r i g g e r i n g modes a v a i l a b l e to the f l a s h - t u b e chamber 
Since the h i g h - v o l t a g e p u l s i n g system i s t r i g g e r e d by a 5 v o l t pulse the 
f l a s h - t u b e chamber can be t r i g g e r e d by events de tec ted by the s c i n t i l l a t o r s 
A and C ( i n t e r n a l t r i g g e r i n g ) or by an e x t e r n a l device such as the three 
l i q u i d s c i n t i l l a t o r s s i t u a t e d above the lead ( e x t e r n a l t r i g g e r i n g ) . 
2 .6 .1 I n t e r n a l t r i g g e r i n g 
I n t e r n a l t r i g g e r i n g can be c l a s s i f i e d i n t o two r eg ions : 
a . ) S ing l e o r f e w p a r t i c l e t r i g g e r s 
b . ) Many p a r t i c l e o r b u r s t t r i g g e r s . 
P e n e t r a t i n g p a r t i c l e s i . e . muons have a h i g h p r o b a b i l i t y o f pass ing through 
the chamber w i t h o u t i n t e r a c t i n g i n e i t h e r the l ead or i r o n t a r g e t s o r the 
glass and a luminium o f the f l a s h - t u b e a r r a y . By de te rmin ing the mean s ing l e 
p a r t i c l e palse h e i g h t as a f u n c t i o n o f the v o l t a g e app l i ed t o the pho to -
m u l t i p l i e r tubes o f s c i n t i l l a t o r s A and C ( F i g . 2 . 9 ) the t r i g g e r pu lse can 
be set t o respond t o the passage o f 1 or 2 or n s i n g l e p a r t i c l e s through 
the chamber. Th i s technique has been used, i n searches f o r f r a c t i o n a l l y 
charged p a r t i c l e s (Cooper [1 974] , Parvaresh [ l 975] , Saleh [ l 9 7 5 j ) s ince 
the t r a c k o f the muon has a markedly grea ter number o f f l a s h e s than t h a t 
o f a c h a r g e ^ p a r t i c l e (a quark) (see F i g s . 2 ,7 and 2 . 8 a ) ) . 
FIG. 2 1 5 
The average b u r s t w i d t h ac measured, on scanning-shee t produced 
by a p r o t o n i n c i d e n t on 15cms, o f l e a d as a f u n c t i o n o f p r o t o n 
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I f we assume t h a t the pulse h e i g h t f rom a s c i n t i l l a t o r produced by a 
r e l a t i v i s t i c e l e c t r o n i s no d i f f e r e n t t o the h e i g h t o f a pu l se produced 
by a r e l a t i v i s t i c muon, the t r i g g e r pulse can be s e t t o respond t o the 
p roduc t i on o f a l a r g e number o f e l ec t rons beneath e i t h e r the l e a d o r the 
i r o n t a r g e t s . I n t h i s way measurements o f the energy spectrum o f hadrons 
a t sea- leve l can be made over a wide-range o f energies (see Chapter 4 ) . 
A l s o , the c h a r a c t e r i s t i c s o f nuc l ea r - e lec t romagnet ic cascades a t 
d i f f e r e n t energies can be s tudied (see Chapter 5). 
A b l o c k diagram o f the e l e c t r o n i c s i n v o l v e d i n i n t e r n a l t r i g g e r i n g i s 
presented i n P i g . 2 . 1 7 . 
2 . 6 .2 E x t e r n a l t r i g g e r i n g 
The c h a r a c t e r i s t i c s o f muons and hadrons accompanied by extens ive a i r 
showers can a l so be s tud ied u s i n g e i t h e r 
a „ ) a l o c a l d e n s i t y t r i g g e r f r o m the l i q u i d s c i n t i l l a t o r s above the lead 
o r 
b . ) a m u I t i c o i n c i d e n c e t r i g g e r f r o m s c i n t i l l a t o r s s i t u a t e d a t v a r i o u s 
dis tances f rom the f l a s h - t u b e chamber. (A thorough d i s c u s s i o n o f 
t h i s technique i s presented i n Chapters 6 and 7 . ) 
U s i n g a ge ige r - t e l e scope , the mean s i n g l e p a r t i c l e pulse h e i g h t as a 
f u n c t i o n o f the v o l t a g e a p p l i e d t o the p h o t o m u l t i p l i e r s o f the l i q u i d 
s c i n t i l l a t o r s above the l ead can be determined ( F i g . 2 . 1 8 ) . The t r i g g e r 
pu lse can hence be se t t o respond to the d e t e c t i o n o f va r ious e l e c t r o n 
d e n s i t i e s above the chamber. P i g s . 2.19 and 2.20 show the expected 
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d i s t r i b u t i o n i n shower-sizes and c o r e - p o s i t i o n s f o r d i f f e r e n t l o c a l e l e c t r o n 
d e n s i t i e s . These have been c a l c u l a t e d assuming the Nishimura - Kart tata -
Greisen (1960) express ion f o r the l a t e r a l d i s t r i b u t i o n o f e l e c t rons i n an 
extens ive a i r shower 
i . e . f ( N e , r ) = 2J±I1 (l ) 0 * 7 5 ( 3 e 2 5 h + r \ ^ 
The i n t e g r a l number spectrum accord ing to H i l l a s (1970) has been used 
i . e . R(>N) = 52.0 N " 1 , 5 m~ 2 s"1 s t " 1 f o r N < 5 . 1 0 5 
R(>N) = 36,920.0 n" 2 *° n f 2 s"1 s t " 1 f o r 5.1 05<N<3 .1 0 ? 
B(>N) = 6.76 N " 1 o 5 m " 2 s"1 s t " 1 f o r N>3 .10 7 
A b l o c k diagram o f the e l e c t r o n i c s i n v o l v e d i n e x t e r n a l t r i g g e r i n g i s 
presented i n F i g . 2.21 . 
2 .7 Summary 
The f l a s h - t u b e chamber i s a v e r s a t i l e v i s u a l de t ec to r v/hich can be used 
t o s tudy the i o n i z a t i o n p r o p e r t i e s o f f a s t p a r t i c l e s as w e l l as i n 
c o n j u n c t i o n w i t h s u i t a b l y s i t u a t e d s c i n t i l l a t o r s , the energies o f h i g h 
energy hadrons i n the cosmic r a d i a t i o n 
The va r ious t r i g g e r i n g modes a v a i l a b l e a l low d i f f e r e n t regions o f the sea-
l e v e l cosmic r a d i a t i o n t o be examined enab l ing comprehensive searches f o r 
e x o t i c p a r t i c l e s to be c a r r i e d o u t . 







• 1 <2 -3 -4 -5 
log[HI(kv)] 
V a r i a t i o n o f o u t p u t pu l se h e i g h t w i t h the a p p l i e d H*/F.voltage 
f r o m the l i q u i d s c i n t i l l a t o r M* 
The pulse h e i g h t i s g i v e n a t the o u t p u t o f the p h o t o t r t u l t i p l i e r s 
f o r a s i n g l e p e n e t r a t i n g p a r t i c l e t r a v e r s i n g the c e n t r e o f t h e 
s c i n t i l l a t o r a t v e r t i c a l i n c i d e n c e . ( A f t e r S a l e h ( l 9 7 5 ) ) 
F i g . 2 s l 9 * P r e d i c t e d d i s t r i b u t i o n o f shower s i z e s t h a t g i v e 
e l e c t r o n d e n s i t i e s g r e a t e r t h a n 20m™ and 40m"" 
a t d e t e c t e r . 
Median shower s i z e f o r d e n s i t i e s > 20m o^%0 f e . 
















N< 3 Z I S JO SH3/A0HS do 3 ivy 
F i g „ 2 C 2 0 : P r e d i c t e d d i s t r i b u t i o n o f core d i s t a n c e s t h a t g i v e 
e l e c t r o n d e n s i t i e s g r e a t e r t h a n 20m"° and 40nT a t 
detectdS'o 
Median core d i s t a n c e f o r d e n s i t i e s 20m g= l i m. 
Median core d i s t a n c e f o r d e n s i t i e s 40m = ijDnu 
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CHAPTER 3 
T H E G A R I B Y A N E F F E C T 
3,1 The i o n i s a t i o n l o s s o f charged p a r t i c l e s 
•When a f a s t charged p a r t i c l e i s i n c i d e n t on matter i t makes c o l l i s i o n s 
w i t h "both the atomic e l e c t r o n s and the atomic n u c l e i w h i c h have 
d i f f e r e n t consequences. The c o l l i s i o n s o f heavy charged p a r t i c l e s w i t h 
the atomic e l ec t rons i m p a r t apprec iab le amounts o f energy t o the l a t t e r 
w i t h o u t caus ing s i g n i f i c a n t d e f l e c t i o n s t o the d i r e c t i o n o f motion o f 
the i n c i d e n t p a r t i c l e . C o l l i s i o n s w i t h the more massive n u c l e i on the 
o ther hand impar t ve ry l i t t l e energy b u t because o f the g rea t e r charge 
o f the n u c l e i the i n c i d e n t p a r t i c l e s u f f e r s s c a t t e r i n g . The main energy 
loss mechanism i s thus by c o l l i s i o n s w i t h atomic e l e c t r o n s which i s the 
process termed i o n i s a t i o n l o s s . 
The t h e o r e t i c a l express ion f o r dE/dx most commonly used i s the Bethe -
B l o c h f o r m u l a (Bethe [ 1 9 3 0 ] , B loch [ l 9 3 3 ] ) m o d i f i e d t o take account o f 
the d e n s i t y e f f e c t ( see below and Fermi [ l 940] ) . 
( 3 . 1 ) dE 
dx 
2TTnZe I n / 2mv Wmax 2B 
mv 
where n = no . o f e l ec t rons / cc i n s topping m a t e r i a l 
m = e l e c t r o n mass 
P = I > v = v e l o c i t y o f i n c i d e n t p a r - t i c l e 
c 
z = charge o f i n c i d e n t p f t r t i c l e 
I = mean e x c i t a t i o n p o t e n t i a l o f atoms o f s topp ing m a t e r i a l 
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% = correction f o r density effect (see below) 
U = terra due to non-participation of electrons i n the inner 
shells (K, L . o . ) f o r low incident v e l o c i t i e s 
Wmax = maximum energy transfer (corresponding to head-on 
c o l l i s i o n s ) 
2 
2mv 
fo r energies E «/ | 
I 2m 
where = mass of incident p a r t i c l e 
For v e l o c i t i e s greater than the mean velocity of an atomic electron i n 
« 
o r b i t the expression can be divided i n t o 3 d i s t i n c t regions of 
= P Y ~ P O - P , P i s the momentum of the incident 
mc 
p a r t i c l e . 
i . ) L. <4 ; the n o n - r e l a t i v i s t i c region where the energy loss goes 
mc 
-2 
as p corresponding to the decreasing amount of time spent by 
the incident p a r t i c l e i n the v i c i n i t y of the atom. 
i i o ) £ _ > 4 ; the " r e l a t i v i s t i c r i se" region where the energy loss 
mc 
slowly increases logarithmically, corresponding to the increase 
i n the transverse component of the e l e c t r i c f i e l d of a 
r e l a t i v i s t i c charged p a r t i c l e . The decrease i n the longitudinal 
component has no effect since the net momentum transfer to the 
- 28 -
atomic electron from the longitudinal component i s zero f o r incident 
v e l o c i t i e s large compared w i t h the o r b i t a l v e l o c i t y of the atomic 
electrons. 
f l a t t e n s o f f and - i f we ignore the r e l a t i v e l y rare large e nergy 
transfers (which .are usually undetected by t h i n detectors) -
becomesconstant. This corresponds to screening of the transverse 
component of the e l e c t r i c f i e l d by polarisation of the atoms close 
to the path of the incident p a r t i c l e , thus confining the energy 
loss to close c o l l i s i o n s only. 
A comprehensive review of the various theoretical methods of deriving 
expressions for both the r e l a t i v i s t i c r i s e and the density effect was 
published i n 1970 by Crispin and Fowler (Crispin and Fowler [1970]), 
which also contains a review of the status of experimental determinations 
up to 1970. More approximate but simpler derivations can be found i n 
Jackson [1970]. I n a series of papers between 1952 and 195*5 Sternheimer 
(Sternheimer 1952, 1953, 1954, 1956) parameterised the Bethe - Block 
formula and gives f o r the most probable energy loss £p of Landau theory 
( see below), 
i i i . ) P >^ 1000; the "Fermi plateau" region where the energy loss 
mc 
(3.2) £ P = Lx 
P ( B + 1.06 + 2 I n P_ + I n / Lx mc Lx P P 
his expression f o r the density e f f e c t <v being 
(3 .3 ) ^ = 4.606„y + C + a (y. - y ) b f o r y n< y < y 
I = 4 . 606 oy + C fo r y > y 
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where l o 8^ 0 — > L-2TTJW 
mc 
= 0.1556 z I MeV g"
1cm2; B = I n 
0 
mc2106eV 
Simultaneous w i t h t h i s pararaeterisation he calculated from both theoretical 
arguments and experimental measurements - values fo r the parameters 
L, B, y-Q , y , a, b, C for many d i f f e r e n t stopping materials of int e r e s t . 
A convenient summary of his r e s u l t s can be found i n Hayakawa [ l 969] . 
3.2 Fluctuations i n the ionisation loss 
Comparisons of theory with experiment are p a r t i c u l a r l y fraught w i t h 
d i f f i c u l t i e s i n the case of ionisation loss. The f i r s t major modification -
pointed out by Bohr (1913, 1915), Williams (1929) and Landau (1944) - i s 
that since the energy l o s t by a p a r t i c l e passing through matter i s the 
re s u l t of a large number of independent events, the process i s a 
s t a t i s t i c a l phenomenon i . e . no unique value f o r the energy loss i s obtained. 
The resultant d i s t r i b u t i o n i s negatively skewed with a high energy-loss 
t a i l due to events where there i s a large energy transfer i n a single 
c o l l i s i o n . 
Parameterisation i n terms of the two parameters B and K 
2 _ £f f o r z = 1 
A 0 B2tfmax 
provides three regions of in t e r e s t (Vavilov [1957]) 
a.) K M f the number of c o l l i s i o n s i n any energy loss i n t e r v a l i s large 
and the ef f e c t of fluctuations n e g l i g i b l e , the d i s t r i b u t i o n i s 
Gaussian wi t h variance (^(Bohr [1 91 5i [1 9W3]) 
( 3' K ) K = 1 /pn.A2  = J / 2TX e ^ N x 
Wmax I 2 mv 
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2 4 2 where 6 = 4T?e z WxZ. 
This d i s t r i b u t i o n i s applicable i n , f o r example, the case of low energy-
protons . 
b. ) K 0.01, the number of c o l l i s i o n s i n any energy loss i n t e r v a l i s 
small, the r e s u l t i n g d i s t r i b u t i o n ( f i r s t calculated by Landau ( i b i d ) 
has a broad peak and i s asymmetric w i t h a long high-energy t a i l . 
Most experiments f i n d general agreement w i t h Landau theory, which i s 
inapplicable however i n the case of t h i n absorbers (Maccabee et a l 
[1968]) and should be broadened (Blunck and Leisegang [1 950]) i f the 
c o l l i s i o n spectrum i s not d i r e c t l y proportional to the inverse square 
of the energy loss,, 
c. ) 0.01<K* 1 «0. The intermediate region which has been the subject of 
rigorous calculations by Vavilov (1957), whose calculations and 
results can be applied over the whole range of K (Maccabee et a l 
[ i b i d ] ) . 
These 3 regions can be roughly associated w i t h the n o n - r e l a t i v i s t i c 
region P « 4 , t h e ' " r e l a t i v i s t i c r i s e " region p > 4 , and the region of 
mc 
p ~ 4 respectively, 
min me 
In most conventional detectors, the high energy t a i l has a cut o f f to 
take i n t o account the f a c t that the high energy losses due to close 
c o l l i s i o n s usually escape detection e.g. knock on electrons from 
s c i n t i l l a t o r s and flash-tubes. Most experimenters thus f i n d i t more 
convenient to measure the most probable energy loss ( i . e . the peak of the 
response d i s t r i b u t i o n ) f o r comparison with theory, rather than the average 
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energy loss. However i n most detectors what i s actually measured i s the 
number of ion pairs created, and the energy loss per ion p a i r ( o f the 
order of 30 eV f o r a l l gases) i s assumed constant independent of energy 
and type of p a r t i c l e acting as i o n i s i n g agent. Since most experimental 
determinations of energy loss per ion pair are made w i t h low energy 
alpha pa r t i c l e s (Crispin and Fowler [ i b i d ] ) which r e s u l t s do not 
necessarily accurately r e f l e c t the conditions of an actual i o n i s a t i o n 
loss i n v e s t i g a t i o n , a normalisation procedure i s usually invoked i n order 
to compare theory with experiment. With t h i s i n mind, the d i s t i n c t i o n 
between average or most probable energy loss i n comparisons w i t h theory-
does not appear so c r u c i a l , especially when Wmax detectable i s constant. 
Essentially i f we assume that the average r e s t r i c t e d energy loss i s 
proportional to the most probable energy loss - which i t most certainly 
i s i n the Fermi plateau region (since both are constant) - then measure-
ment of the former combined w i t h a normalisation at a w e l l known value 
of p/mc w i l l s u f f i c e f o r comparison w i t h theory. 
3.3 Radiative corrections to the ionisation loss 
The Bethe - Bloch formula (3«1) includes the contribution to the energy-
loss process by Cerenkov radiation from the relaxing polarised region 
of the medium i n the " r e l a t i v i s t i c rise" region. The Cerenkov loss i s 
given by the formula of Frank and Tamm (1937) 
(3 .5) _/dE 
dx 
m 2 2 4TX e 




where the i n t e g r a l i s over a l l frequencies f o r which Bn(v)>1 and n(v) i s 
the r e f r a c t i v e index of the medium f o r radiation of frequency \J. The 
magnitude of t h i s correction to the Bethe - Bloch formula i s , however, 
only small i n r e a l i s t i c d i e l e c t r i c media. This i s because there are 
large regions of absorption i n both the discrete and continuous excitation 
regions of the K, L, M . . . sh e l l s , severely l i m i t i n g the region over 
which n(^)> 1. Sternheimer (op c i t ) has shown that the only region of 
importance i s below the f i r s t absorption l i m i t i . e . the o p t i c a l and near-
u l t r a v i o l e t region. 
For condensed materials Sternheimer (ib i d ) calculates that! J_ ££ .V ,dx„/ „ 
where p i s the density of the medium, i s of the order of 10 MeV/gcm 
( c . f . t o t a l i o nisation loss >\ Mev/gcm- ). Even i n the l i g h t gases (where 
there are s t i l l regions of absorption i n the continum j i s only of 
the order of 0.1 MeV/gcm" f o r E and He (15^ of the r e l a t i v i s t i c r i s e at 
most) f a l l i n g to 0„01 MeV/gcm" f o r gases with medium and large z. The 
correction i n the case of neon (z = 10) i s hence only of the order of yjo 
of the plateau-level. 
Tsytovich (196<|) has argued that i n the energy regions beyond the onset 
of the Fermi plateau radiative corrections are important. His arguments 
are based on the fact that the mass of a highly r e l a t i v i s t i c charged 
p a r t i c l e i n a medium d i f f e r s from i t s mass i n a vacuum due to the emission 
and absorption of v i r t u a l photons which w i l l propagate i n the medium. An 
atom i n the medium excited by such v i r t u a l photons has a reduced cross-
section f o r energy loss by other means, e.g. io n i s a t i o n , Cerenkov 
radia t i o n , and Tsytovich's calculations ( i b i d ) predict a 5 to 10?t> 
decrease i n the plateau-level f o r energy-loss predicted by the Bethe -
Bloch formula. Crispin and Fowler (op c i t ) , however, argue that 
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i n the presence of strong absorption, the equations used by Tsytovich 
to f i n d the energy loss are inapplicable over important ranges of 
frequency, and his consequential radiative corrections are thus 
inapplicable to r e a l d i e l e c t r i c media. 
When considering energy losses i n gaseous detectors contained by walls 
of f i n i t e thickness, Garibyan (1972) has suggested that the theory of 
tr a n s i t i o n r a d i a t i o n implies a serious r a d i a t i v e correction that should 
reduce the l e v e l of the Fermi-plateau i n t h i n absorbers ( o f the order 
of 1 - 10 cms) by an amount which can vary from 25% to 100%, depending 
on how t h i n the detector i s . 
His arguments are based on the fact that the f i e l d of a highly r e l a t i v i s t i c 
charged p a r t i c l e i n a medium i s confined by the polarisation of the atoms 
of the medium. The extent of the confinement region i s c l e a r l y dependent 
on the density of the medium, and i n passing from a dense to a r a r i f i e d 
medium there i s a region near to the entry w a l l where the f i e l d behaves 
as i f s t i l l i n the dense medium. This zone (the distance from the 
boundary which the p a r t i c l e has to t r a v e l before i t s f i e l d has expanded 
to be confined only by the polarised r a r i f i e d medium) i s cal l e d the 
formation zone i n t r a n s i t i o n radiation theory (Garibyan [1958]) 
c, 
(3.6) Z mU,w , 0 ) = <•> 
1 - Bs4- sin^Q-
where e (Q) i s the d i e l e c t r i c constant of the medium and 6- i s the emission 
angle, which i s approximately zero at extremely r e l a t i v i s t i c energies. 
The expansion (or contraction i n the reverse case of passing from a 
r a r i f i e d to a dense medium) of the p a r t i c l e ' s f i e l d i n t h i s formation 
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zone gives r i s e to the emission of t r a n s i t i o n radiation ( t y p i c a l l y i n 
the X-ray region). 
Taking >^>1 and putting (w) = 1 +$s(w) i n e^un (3.6) yields 
(3.6)a, ,-5 (cm) 4.10 
-no(eV) h - C(to)" 
« 2 
which, f o r those frequencies responsible f o r the ionisation of the gas 
Using pions and electrons of the same momenta (374 MeV/c), Ramana Murthy 
(1968) has found the r a t i o of the ioni s a t i o n losses i n the Fermi plateau 
region t o be 1 .45 instead of 1 .78 (the value according to Sternheimer). 
i n t e r e s t i n g agreement. 
This e f f e c t , i f physically v a l i d , has disturbing implications f o r 
measurements based on ionization loss i n the flash-tube chamber. The 
walls consist of aluminium electrodes and glass of t o t a l thickness 
-2 -2 ~0.9 gem per t r a n s i t i o n boundary, enclosing~0.0016 gem of neon 
(plus argon) per flash-tube. Equn (3 .6) indicates that at *f = 1000 
(corresponding to a cosmic ray proton of energy of the order of 1 TeV) 
Zra — 4 cm., which would imply that the ef f i c i e n c y of the flash-tube 
chamber should be s i g n i f i c a n t l y reduced when detecting very high energy 
particles (see Fig. 3 . 2 ) . 
Attempts t o detect, i n p a r t i c u l a r , low e f f i c i e n c y tracks due t o either 
f r a c t i o n a l l y charged p a r t i c l e s (quarks) or "previous p a r t i c l e s " (tachyons) 
atoms, can be of the order of cms. (&« 
2 " r 15 frequency (4TT Ne /m)2,|wo «* 6.10 rad. 
of electrons/cc, m = mass of electron.) 
£ 1 - ( w J where w cms 
15 w d/sec,f «*3.3.10 .  ra 
i s the plasma 
N = number 
The above arguraents would indicate a value of 1.5 for t h i s r a t i o , an 
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could be severely hampered by the "Garibyan e f f e c t " . A data analysis 
has thus been carried out to determine whether or not the ef f e c t can be 
distinguished i n the flash-tube chamber at the energies at which i t 
operates most e f f e c t i v e l y i n sea-level cosmic ray measurements 
(10 - 10,000 GeV). The data on which the analysis was carried out were 
collected by various colleagues and the basic d e t a i l s are tabulated i n 
Table 3.1 . 
3.4 Experimental details 
Efficiency measurements were carried out on stack Fla (eight layers of 
flash tubes) by counting the number of flashes along the track 
corresponding to the extrapolated core of either a burst produced i n 
15 cms. of i r o n and appearing i n the main body of the chamber (P1b, F2 , 
F £ , see Fi g . 2 .1 and Figs. 3.1 ,.2,„3 f o r t y p i c a l events), or a single 
track which t r a v e l l e d through the whole of the main body of the chamber, 
see below). For c l a r i t y I s h a l l quickly recap the relevant features of 
the flash-tube chamber v/hich were employed i n t h i s experiment. 
The flash-tubes (containing S&fo neon, 2$ methane, at a pressure of 
60 cm. Hg.) are 1 .58 cm. i n t e r n a l diameter, 1 .78 cm. external diameter, 
196 cm. long, clothed i n a black polythene sheath - to prevent l i g h t 
from one tubs a f f e c t i n g an adjacent tube - thus increasing the distance 
between adjacent tube-centres to 1 .81 cm. The tubes are stacked r e g u l a r l y 
i n a "close-packing" configuration the l i n e j o i n i n g the centres being at 
30° to the v e r t i c a l . The high-voltage pulse i s applied across pairs of 
layers by aluminium electrodes 0.122 cm. th i c k , the time-delay between 
the passage of a charged p a r t i c l e and the application of a high-voltage 
pulse being 20^3. 
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Beneath the eight layers of P1 a i s 15 era. of i r o n , a p l a s t i c s c i n t i l l a t o r , 
and a further 96 layers of neon flash-tubes. Above P1a i s another p l a s t i c 
s c i n t i l l a t o r and above t h i s a further 15 cm. of lead, to remove the s o f t 
component of the cosmic radiation. 
Events were selected i n a variety of ways. 
i . ) E-Series: From t h i s data (see below) came the measurement f o r 
Y = 3 (min m* ionization p t . ) . These events were selected by a 
two f o l d coincidence between the p l a s t i c s c i n t i l l a t o r below the 
iron (dimensions 1 46 x 80 x 5 cm^) and a p l a s t i c s c i n t i l l a t o r 
d i r e c t l y beneath F**a (see Fig. 2.1 ) . Particles which pass through 
both the lead and the iron as w e l l as a l l the lower layers of 
tubes were presumed to be muons. Low energy muons show a curved 
track due to multiple scattering i n these lo?/er 11b layers. From 
the curvature and length of t h i s track the energy of the muon can 
• be calculated (Ashton et a l [1 97.]) . (See equation ( 3 . 7 . ) 
i i . ) C-Series: From t h i s data came the measurements f o r y = 20 
( r e l a t i v i s t i c r i s e region) and most of the events for y = 130. 
These events were selected p r i m a r i l y by an air-shower tr i g g e r of 
>40 p a r t i c l e s m s t r i k i n g a l i q u i d s c i n t i l l a t o r (dimensions 
132 x 96 x 15 ctn^) placed on top of the lead (see Fig. 2 ) . The 
y = 20 pt. i s from measurements on single p a r t i c l e tracks that 
traversethe whole chamber as above but w i t h no bending. From 
considerations on the spectrum of core distances the shower-sizes 
thus collected, and a knowledge of the energy spectrum and l a t e r a l 
d i s t r i b u t i o n of muons contained therein, an estimate can be made 
of the mean energy of these muons (see D, Cooper [ l 974]). Zenith 










Figure 3»1 A slow rauon shoeing a curved track due to multiple 
scattering i n the flash-tube chamber* 
This i s a t y p i c a l event of those used from the 12= 
series data 0 







Figure 3° 2 Unscattered f a s t muons i n an air-shower* 
Typical event seen i n C-serie3e 









Figure 3*3 H&dron inte r a c t i o n i n i r o n , energy of hadron = 00 &eVs 
A t y p i c a l event seen i n H-series 
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i i i . ) H-Series: From th i s data came the measurements fory>100 (the 
"Fermi plateau" region). These events were selected by a burst 
size t r i g g e r of >,n particles (values of n = 40, 100, 200, 400 
were used) i n either the p l a s t i c s c i n t i l l a t o r under the lead or 
the s c i n t i l l a t o r under the i r o n . Only those events which gave no 
measurable signal i n the s c i n t i l l a t o r under the lead were used. 
The energy of the charged p a r t i c l e was derived from the burst-
size (as measured by the lower plastic s c i n t i l l a t o r ) produced i n 
the i r o n (see Ch. 2). For y>10 the conversion from burst size to 
y was done assuming the incident charged p a r t i c l e s were pions 
(Ashton and Saleh [1975] and M. Whalley [private comm.]) The 
zenith angle of the event was measured from the best l i n e through 
the core of the burst, as viewed i n the lower 96 layers, and the 
single track produced i n the f i r s t eight layers. 
In the efficiency measurements on F1a, only those tracks w i t h * 2 
i n the geometry layers flashed were c onsidered to avoid including 
neutral p a r t i c l e events (neutrons, kaons). 
Variations i n the mode of t r i g g e r i n g and structure of the flash-tube 
chamber cause experimental corrections to be made before a l l three sets 
of data can be combined. These various corrections are discussed i n the 
next section. 
pBc = y 1 «86 t 2 where y = distance t r a v e l l e d i n cm. 
A= max. displacement from a J t . track 
t = thickness of material traversed i n g.cm 
p = momentum of p a r t i c l e 
p = v e l . par. 
c = vel. of l i g h t 
E-Series - Energy determination 
Summary of sources of data for investigation, of -
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3.5 Data and corrections 
Only those events which flashed the f i r s t layer of P1 a were used. This 
avoids the inclusion of tracks which have not passed through a l l eight 
layers. I t does, of course, introduce a s l i g h t bias up i n the effeciency 
measurements but t h i s i s roughly only of the order of (1-7}.) x ~ x 2 1 ^  (where 
1 8 n 
T) = layer e f f i c i e n c y , = no. of events which are observed to f l a s h 
<8 layei^s, n = t o t a l no. of events) at most, i . e . less than \%. 
The problem (edge-effect) of p a r t i c l e s t r a v e l l i n g i n regions of the f l a s h -
tube beyond the edge of the electrodes and producing a reduced e f f i c i e n c y 
has been discussed previously (Ashton et a l [1 971]). The method used to 
avoid such events i s to use shorter electrodes i n the defining layers F1a, 
F1b, FJLa, Fi<.b than i n the main body of the chamber (F2 ., F.3 see Fig. 2.1 ) , 
the difference i n length being determined by the distance away from the 
edge of an electrode i t s f r i n g i n g f i e l d becomes i n e f f e c t i v e (a distance 
—3 cm. for a reduction of f i e l d to \% f i e l d w e l l inside the plates) 
between p a r a l l e l plates at a distance of 2 cms. apart (Ashton et a l [ i b i d ] 
These sort of events are thus excluded i n the burst selected events of the 
H-Series where the electrodes i n F1a, F1b had been shortened i f we require 
the burst to be v i s i b l e i n F1b and below, and we have the electrodes of 
PI a and F1b shortened. However, no such electrode-shortening had been 
introduced f o r the C and E-Series events, but a correction based on the 
expected f r a c t i o n of events which would be i n the edge-effect region {—1%) 
and t h e i r expected reduced efficiency (average — 0.5T\L) i n the f r i n g i n g 
f i e l d can be easily applied. 
The production of knock-on electrons w i t h s u f f i c i e n t energy to enter and 










No. of tubes flashed in Fla 
Figure 3 . 4(a) Uncorrected e f f i c i e n c y measurements on m u l t i p l e muon-scattering 
t r a c k s observed on 20 j.ts 0 time-delay d u r i n g f i l m - s e r i e s £39 - E69« 
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No. of tubes flashed in Fla 
Figure 3 » 4(b) Uncorrected e f f i c i e n c y measurements on unscattered muon t r a c k s 
observed on 20 ps» tims-delay during f i l m - a e r i e s ^ a ^ b ^ ^ S f * ' ' 
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Pigyr« 3<>4(c) Uncorrected e f f i c i e n c y measure Bents on haclron bursts observed 
on 20 }ise time-delay d u r i n g H paid E ~ f i l a s e r i e s ' 0 
B u r s t - s i z e ranges ars:-= 
( i j 0 » 100 ( i i ) l O C - 300 ( i i i ) 3 0 0 - 500 (1 t )500 - 800 
(v}300 =',500 p a r t i c l e s * 
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c o r r e c t i o n ( t o a l l data) can be a p p l i e d here too, and the c o r r e c t i o n 
used assumed t h a t 100% o f the knock-ons produced w i t h s u f f i c i e n t energy 
t o enter the next l a y e r would enter a tube which would be counted as i n 
the primary p a r t i c l e t r a c k ( e s s e n t i a l l y t h a t a l l knock-ons w i l l t r a v e l 
f o r w a r d ) . 
The c o r r e c t i o n i s a b o o t s t r a p technique, which assumes t h a t the c o r r e c t i o n 
t o be a p p l i e d i s o n l y s m a l l . The data were f i r s t histogrammed i n t o b i n s 
o f 8, 7, 6 e t c . l a y e r s flashed i n d i f f e r e n t b u r s t - s i z e / ^ ranges ( F i g . 3 . 4 ) . 
A mean number of l a y e r s flashed i n each b u r s t size range was found and a 
binominal d i s t r i b u t i o n c a l c u l a t e d . The binomd a l d i s t r i b u t i o n was deemed 
more appropriate than the t h e o r e t i c a l d i s t r i b u t i o n s discussed above 
because of the s m a l l number of l a y e r s used ( 8 ) , and the ensuing poor 
r e s o l u t i o n . From t h i s d i s t r i b u t i o n can be found the r e l a t i v e p r o b a b i l i t y 
°< : B of n layers f l a s h i n g t o (n-1) l a y e r s f l a s h i n g . This gives a measure 
of the r e l a t i v e p r o b a b i l i t y t h a t a .given number o f l a y e r s would have 
f l a s h e d w i t h o u t the presence of a knock-on e l e c t r o n from an adjacent tube. 
From the c a l c u l a t i o n s o f Bhabha (1938) on the d i f f e r e n t i a l c o l l i s i o n 
p r o b a b i l i t y f o r p a r t i c l e s of spin - j , the p r o b a b i l i t y P(E>E ) of a knock-on 
e l e c t r o n having energy E>E can be shown t o be (Parvaresh 1 975) 
P ( E > E 1 ) c 2°me°2 . ^ / g . o n f 2 
B 2 -
1 2 where c = 0.15 Z t and we take -r - 0 . 5 over a l l m a t e r i a l i n F1 a 
A 
2 m c = mass of e l e c t r o n i n eV e 
P = v e l o c i t y parameter of i n c i d e n t p a r t i c l e ( h e a v i e r than an e l e c t r o n ) 
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Now the energy r e q u i r e d to t r a v e r s e one f l a s h - t u b e ( i . e . e nter one tube 
from an adjacent tube) i s 1 .8 MeV. Hence the number o f e l e c t r o n s t h a t can 
be produced w i t h s u f f i c i e n t energy to enter the next l a y e r o f flash-tubes 
can e a s i l y be c a l c u l a t e d t o be 0 .316 per s i n g l e p a r t i c l e c r o s s i n g 8 l a y e r s . 
Hence we can c o r r e c t the number x o f events i n a b i n corresponding t o 
flashes by u s i n g the e^un. 
, , = x - 0.116. r. P + 0.3l6v a cx corrected * 0 z . „ * —— °( + P est + y 
t h 
where x = uncorrected no. of events i n the n ' b i n 
y = uncorrected no. o f events i n the ( n + 1 b i n 
X = r e l a t i v e p r o b a b i l i t y of ( n + 1 ) l a y e r s f l a s h i n g t o n lajrers 
f l a s h i n g 
?L = r e l a t i v e p r o b a b i l i t y o f n layers f l a s h i n g t o ( n - i ) l a y e r s 
• P 
f l a s h i n g 
and <x, P are i n t e g e r s . 
The r e s u l t i n g c o r r e c t e d d i s t r i b u t i o n s are shown i n P i g . 3.5 and a t a b l e 
i n d i c a t i n g the goodness o f f i t o f a binominal t o both the uncorrected and 
c o r r e c t e d data i s given as Table 3 . 2 . 
Only events f o r which the z e n i t h angle 30° were used because o f the 
p o s s i b i l i t y of a charged p a r t i c l e passing through more than one tube i n 
a l a y e r f o r l a r g e z e n i t h angles. 
Data from the air-shower t r i g g e r e d run (C-Series) corresponding t o the 
r e l a t i v i s t i c r i s e region w i l l be contaminated by the large amount of 
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Figure 3 .5(a) As f o r f i g u r e 3«4(b) but cor r e c t e d f o r knock-cn e l e c t r o n s , 
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Figura 3 « 5(b): As f o r f i g u r e 3 . 4(c) but corrcjcted f o r knock-cm electrons., 
Comparison o f uncorrected and c o r r e c t e d data 
B u r s t siz e 
Range Y 
Uncorrected Layer 
E f f i c i e n c y 
Corrected Layer 
E f f i c i e n c y 
3.7 .712 + 0 .024 No c o r r e c t i o n a p p l i e d 
20 .761 t .009 .762 + .008 
0 - 1 0 0 103 .864 ± .01 5 .829 ± .011 
100 - 300 980 | .825 t .012 .824 t .015 
300 - 500 2 ,050 | .825 t .017 .811 i .017 
500 - 800 3,550 j .826 + .015 .812 + .018 
800 - 1500 5,950 | .828 + . 018 .807 ± .021 
Burst si z e 
Range Y 
Chi square of f i t t o 
Uncorrected data o f 
a Binomial 
Chi square o f f i t t o 
Corrected date of a 
Bin o m i a l 
3.7 3.444 No c o r r e c t i o n a p p l i e d 
.20 10.596 12.52 
0 - 1 0 0 103 11.096 2.871 
1 0 0 - 3 0 0 980 11.185 1 .267 
300 - 500 2,050 11.159 2.595 
500 - 800 3,550 3<,886 2.454 
800 - 1500 5,950 10.950 8.25 
7 BINS 
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• w i l l tend to increase the measured e f f i c i e n c y of the hadrons i n showers 
("y^ 130) because a l l such hadrons w i l l be close t o the core and hence 
i n regions of dense accompaniement. 
The f i n a l l y c o r r e c t e d average l a y e r e f f i c i e n c i e s can now be converted to 
i n t e r n a l e f f i c i e n c i e s by m u l t i p l y i n g by the r a t i o o f the area covered by 
a l a y e r t o the a c t u a l area covered by gas i n t h a t l a y e r i.e .T ) =T] 1 .81 
1 L 1.58 
where T) = i n t e r n a l e f f i c i e n c y 
T\ = l a y e r e f f i c i e n c y . 
3.6 Results 
The c o r r e c t e d average e f f i c i e n c i e s o f F i g . 3.5 a^e p l o t t e d as a f u n c t i o n 
o f L o r e n t z - f a c t o r Y i n F i g 3«7. The t h e o r e t i c a l curves are based on 
Stemheimer's par a m e t e r i s a t i o n (op c i t ) u s ing the t a b u l a t e d values as 
quoted by Hayakawa (op c i t ) . The curve w i t h the highest plateau 
e f f i c i e n c y corresponds t o energy l o s s i n neon, the next curve down 
corresponds t o a <jCi% r e d u c t i o n i n t h i s energy l o s s , the lowest curve i s 
the energy loss curve f o r neon w i t h o u t the d e n s i t y e f f e c t i n neon, b u t 
reduced by the same f a c t o r as the energy loss i n aluminium i s reduced by 
the d e n s i t y e f f e c t , t h i s i s approximately the r e s u l t t h a t would be 
expected i f the Garibyan e f f e c t i s a p p l i c a b l e . 
The two p o i n t s at s m a l l values of y are low p o s s i b l y f o r the reasons 
already o u t l i n e d , and a c o r r e c t i o n based on p r e v i o u s l y quoted f i g u r e s 
would b r i n g both these p o i n t s up t o the t h e o r e t i c a l l y p r e d i c t e d v a l u e s . 
The r a t h e r high value a t y = 130 has already been discussed and i s 
probably due t o background fl a s h e s i n c r e a s i n g the number of f l a s h e s f a l l i n g 
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I f the systematic b i a s upward in t r o d u c e d by only c o n s i d e r i n g tracks which 
f l a s h the f i r s t l a y e r i s as much as then the r e s u l t s w i l l f a l l 
between the two curves and the s i z e o f the e r r o r bars make any f u r t h e r 
q u a n t i t a t i v e conclusions impossible. A s l i g h t decrease from y = 10"^  t o 
Y = 2.10^ might be taken as i n d i c a t i v e , b ut t a k i n g an average value f o r 
the p l a t e a u e f f i c i e n c y (see Figs* 3 . 8 , 3 .9 ) forces the conclusion t h a t 
no d i s c e r n i b l e d e v i a t i o n from Sternheimer's p r e d i c t i o n s can be seen 
(see Table 3 . 3 ) . 
F i g . 3 . 6(a) gives the most probable energy loss i n 1 .58 cm. of neon 
( i n MeV) as a f u n c t i o n of L o r e n t z - f a c t o r >f f o r the 3 cases no d e n s i t y 
e f f e c t , d e n s i t y e f f e c t according t o Sternheimer, d e n s i t y e f f e c t according 
to Sternheimer w i t h Garibyan c o r r e c t i o n . To o b t a i n the p r e d i c t e d 
e f f i c i e n c i e s from the p r e d i c t e d energy l o s s n o r m a l i s a t i o n a t ^  = 20 has 
been used. The n o r m a l i s a t i o n i s based on extensive s t u d i e s on the 96 
f l a s h - t u b e s a t y = 20 (Cooper 1974) f o r d i f f e r e n t time-delays ( i . e . the 
time between the passage o f a charged p a r t i c l e through the chamber and 
the a p p l i c a t i o n o f the H.T. pulse across the tubes). The r e s u l t was t h a t 
at a time-delay of 20 us the flash-tubes had a value afQ = 9 f o r = 20 
where a = i n t e r n a l r a d i u s 
f = p r o b a b i l i t y o f the tube f l a s h i n g on the passage of a charged 
p a r t i c l e 
Q = number of ions/cm. created d u r i n g t h i s passage. 
Hence, by assuming a f Q =< energy loss and using the p r e d i c t e d i n t e r n a l 
e f f i c i e n c y as a f u n c t i o n o f afQ a t 20 us ( L l o y d [ 1960 ] ) the t h e o r e t i c a l 
curves of F i g 3.7 can be c a l c u l a t e d . 
F i g . 3 . 6(b) gives the most probable energy loss i n 0.122 cm. of aluminium 
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Comparison o f Result w i t h P r e d i c t i o n s 
Mean Measured Plateau E f f i c i e n c y 93.2 + 0.97$ 
P r e d i c t e d P l a t e a u E f f i c i e n c y from Sternheimer 92.5% 
P r e d i c t e d P l a t e a u E f f i c i e n c y f o r $0% Reduction 
i n Plateau/Minimum I o n i z a t i o n 91.798 
P r e d i c t e d Plateau E f f i c i e n c y from C a l c u l a t e d 
Garibyan Cor r e c t i o n 90.5$ 
N.B. The raean measured p l a t e a u e f f i c i e n c y i s f o r a l l events w i t h 
b u r s t - s i z e >100 p a r t i c l e s and i s p l o t t e d a t the mean Y of 
3.15.103. 
- 43 -
3„7 Comparison w i t h other work 
Energy l o s s measurements i n the r e l a t i v i s t i c r e g i o n on s i m i l a r neon -
methane mixtures t o the one used i n the f l a s h - t u b e chamber have been made 
by Eyeions et a l (1955) and Jones e t a l ( l9^3), no serious disagreement 
w i t h Sternheimer's p r e d i c t i o n s were discovered except f o r a s l i g h t 
decrease i n the r a t e o f increase noted by Eyeions. These r e s u l t s together 
w i t h the r e s u l t s o f the present measurements are shown i n F i g . 3.10. 
More serious discrepancies i n argon have been noted by Ramana Murthy 
(1968), H a r r i s (1973) , Jeanne (1973) , Aderholz (1974), Dimcorski (1971) . 
However an experiment s p e c i f i c a l l y designed t o i n v e s t i g a t e the Garibyan 
e f f e c t i n argon by using v a r i o u s windows through which the charged 
p a r t i c l e passed before e n t e r i n g the gas y i e l d e d no s i g n i f i c a n t d i f f e r e n c e 
i n energy l o s s between v a r i o u s windows (Smith and Mathiesonjjl 975J) • 
The above quoted r e s u l t s , however, have been explained by recent 
r e c a l c u l a t i o n s of t h e o r e t i c a l p r e d i c t i o n s based on a Monte Carlo method 
r a t h e r than a continuous i n t e g r a l over the spectrum o f s i n g l e c o l l i s i o n 
processes. Because of the small number of i o n i s i n g c o l l i s i o n s i n a gas 
t h i s method more accurately r e f l e c t s p h y s i c a l r e a l i t y , and p r e d i c t s a lower 
r a t e o f increase and plateau l e v e l - i n agreement w i t h the above 
mentioned authors - than conventional Sternheimer p r e d i c t i o n s (Cobb, 
A l l i s o n and Bunch [ l976] ) . 
3.8 Conclusions 
A decrease i n the Fermi plateau l e v e l of i o n i s a t i o n by the amount 
p r e d i c t e d by Garibyan was not observed. A smaller decrease, as p r e d i c t e d 
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from the calculations of Dobb et a l (op c i t ) cannot be ruled out, however 
the physical basis for such a reduction should not seriously a f f e c t 
searches for f r a c t i o n a l l y charged or previous p a r t i c l e s based on 
ef f i c i e n c y measurements. 
However, there are possible experimental effects that might mask the 
Garibyan effect i n th i s experiment:-
a. ) Low energy electrons that are produced by ion i s a t i o n i n the glass 
could enter the gas and cause an increase i n apparent i n t e r n a l 
e f f i c i e n c y . Low energy electrons are able to cross the solid-gas 
boundary i f they are incident at slanting angles to the i n t e r f a c e , 
since the interface i s c i r c u l a r (tubular) a l l possible angles of 
incidence are available: 
b. ) For Y i n the "high" range ( ~ 1 0 2 - 1 0 3 ) the strongly collimated 
transverse e l e c t r i c f i e l d might be causing electrons from the inner 
s h e l l s to become ionized. This e f f e c t would be better investigated 
with r e l a t i v i s t i c p a r t i c l e s of a well-defined momentum, since i t 
should show up as a step up i n the measured plateau value at some 
high value of Lorentz-factor ^ . 
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CHAPTER 4 
T H E I N C O H E R E N T H A D R O N S P E C T R U M 
4.1 Introduction 
The incoherent hadron spectrum consists of a l l hadrons (nucleons, pions, 
kaons account for most sea-level hadrons) which ar r i v e at sea-level 
unaccompanied by any electron - photon shower. I t i s customary to include 
a l l shower accompanied hadrons i n the spectrum as the r a t i o of unaccompanied 
to shower accompanied hadrons detected by a hadron-trigger i s of the order 
of 5.5:1 (see Table 4.1 ) . These hadrons consist mainly of secondary 
(including t h i r d , fourth etc. generation) nucleons and pions from i n t e r -
actions of primary cosmic-ray p a r t i c l e s high up i n the atmosphere, whose 
subsequent electron - photon showers have reached maximum high up i n the 
atmosphere and have died out. There i s a possible small contribution 
from (a) secondary p a r t i c l e s with large transverse momentum from younger 
showers whose core f a l l s far from the detector; (b) primary p a r t i c l e s from 
low e l a s t i c i t y events i n which only a small f r a c t i o n of the primary cosmic-
ray's energy i s converted to a nuclear - electromagnetic cascade; ( c ) 
secondary (and primary) p a r t i c l e s from primary interactions very deep in 
the atmosphere whose cascade component has not s u f f i c i e n t matter i n which 
to develop before reaching s e a - l e v e l ; (d) f i n a l l y there are the very rare 
cases of primary cosmic-rays which have traversed the whole atmosphere 
without in t e r a c t i n g . 
Any departures from a smoothly decreasing spectrum would arouse great 
i n t e r e s t as i t would indicate an increase i n the contribution from ( a ) , 
( b ) , ( c ) or (d) ( c . f . for example the in t e r e s t generated by the kink i n 
the spectrum reported by Baruch et a l [1573] but l a t e r found to be due to 
faulty e l e c t r o n i c s ) . 
The increase i n complexity of Monte Carlo calculations of cosmic-ray and 
air-shower development i n the atmosphere have made the comparison of broad 
measurements such as the incoherent hadron spectrum, especially i f i t can 
be subsequently divided into i t s pionic, neutronic and protonic components 
(Ashton and Saleh [l 975] )» with prediction a valuable test of inte r a c t i o n 
models and/or primary spectrum models (e.g. M. Whalley [l 97f>]) • 
F i n a l l y , the assumption of a smooth spectrum can be used to test the 
performance of a hadron detector designed to investigate more intimate 
d e t a i l s of the sea-level cosmic radiation such as hadron spectra in a i r -
showers, l a t e r a l d i s t r i b u t i o n of hadrons i n air-showers, searches for 
exotic p a r t i c l e s . 
4o2 Apparatus 
The flash-tube chamber as described i n Chapter 2 was used to detect hadrons 
at sea-level. The l i q u i d s c i n t i l l a t o r M (see F i g . 2,1 ) detected and 
measured any air-shower accompaniment close to the path of the hadron. 
P l a s t i c s c i n t i l l a t o r s C and A under the lead and iron (see F i g . 2 . 1 ) 
respectively provided the t r i g g e r as w e l l as recording the s i z e of the 
electron - photon shower produced by a hadron which interacted i n either 
target. The high voltage pulse was applied to the electrodes 330 p.s9 
a f t e r the t r i g g e r signal was received because the t r i g g e r - l e v e l was set 
at 500 p a r t i c l e s (to detect only the higher energy hadrons), and such 
large bursts would completely f i l l the flash-tube chamber at short time-
delays. The long time-delay enabled the direction of the hadron to be 
measured from the direction of the re s i d u a l core of the electron - photon 
shower produced. I t also enabled a study of the c h a r a c t e r i s t i c s of such 
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bursts to be c a r r i e d out at high-energies so that highly charged p a r t i c l e s 
could be i d e n t i f i e d (see Chapter 5 ) . Bursts were considered as being 
i n i t i a t e d i n the lead or the iron from the recording of the pulse heights 
from s c i n t i l l a t o r s C and A as photographed on a C.R.O. The pulse heights 
from each s c i n t i l l a t o r M, C, A were delayed by 1 .6, 0 .9 , 0.3 ns 
respectively using delay-line before being displayed, and the oscilloscope 
time base was triggered with no delay by the same pulse which triggered the 
H.T. pulse to the flash-tube chamber. The events as recorded on film from 
the flash-tube chamber and the oscilloscope were co-ordinated by photo-
graphing a synchronised clock and watch respectively. A more detailed 
account of the apparatus i s given in Chapter 2. 
4.3 Data-measurement technique 
The record of the flash-tube chamber events was projected onto a 1:20 
scale drawing of the front view of the flash-tube chamber (see Pig. 2 .1) 
and the direction of the event measured. The number of flashes within 
^0.5 cm i n F1a and Fib was counted and note taken of events which occured 
i n the w a l l s , or at large angles so that they would have missed one of the 
s c i n t i l l a t o r s (these events were then dismissed). 
The flash-tubes of PI a and F1b are pushed back (see F i g . 2.2) so that we 
can be sure that i f a burst i s seen i n the flash-tubes, the whole of i t 
must have passed through the s c i n t i l l a t o r above. Hence acceptable bursts 
are only those wh&ea a l l the flash-tube layers i n F1 a (for bursts i n lead) 
or F1b ( f o r bursts i n F1b) are flashed, thus avoiding any bursts near the 
edge of the chamber at the f r o n t . 
Figure 4.1 ! A rare event i n Tfhich two hadrons arrived simultaneouslyo 
The burst to the right of the chamber i s due to a hadron 
of primary energy 850 G-eV interacting i n the lead, the 
subsequent electron-photon shower has c l e a r l y continued 
to develop i n the iron.This would be considered as a 
burst i n the lead, and within the acceptance geometry, 
hence i t s energy was derived from the burst-size as 
measured by s c i n t i l l a t o r C (under the Iead)e 
5!he burst i n the centre of the chamber appears to have 
occurred i n the iron, but no flashes associated with 
such a burst can be observed i n the defining layers Fib. 
This burst could have originated i n the lead and missed the 
defining layers F l a , or at the front of the iro n target and 
missed the s c i n t a l l a t o r A under the iron. E i t h e r way i t 
would not be considered as a eandidate for further analysis 
since i t did not f a l l within the acceptance geometry,, 
t 
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The record of the oscilloscope events was projected onto a scale which 
measured the pulse height d i r e c t l y i n terms of the number of p a r t i c l e s 
producing the pulse (see Chapter 2 , Section 2.6 . 1 ) . Due note was taken 
of the s c i n t i l l a t o r which triggered the recording equipment and the 
event duly assigned as occurring either in the lead (a pulse from C with or without 
.Q pulse from A) or i n the iron ( a pulse from A with no pulse from C ) . 
However, t h i s method of assigning events as occurring i n either the lead 
or the iron gave r i s e to two problems: 
i . ) Events were observed to produce a f a i n t burst under the lead 
followed by a well defined burst under the iron, but no measurable 
pulse was observed from the s c i n t i l l a t o r C under the lead. 
i i . ) From considerations of the p r o b a b i l i t i e s of a hadron interacting 
i n each target, more bursts are expected to occur i n the lead than 
i n the iron (see Appendix V I and Table 4 . 5 ) . However t h i s method 
of assigning bursts indicated that more bursts were apparently being 
produced i n the iron than i n the lead (see Table 4 . 5 ) . 
The events were thus scanned again and bursts which appeared i n the f l a s h -
tube chamber photograph to begin under the lead were c a l l e d bursts produced 
i n lead whether or not they produced a measurable pulse in the s c i n t i l l a t o r 
C under the lead. The burst s i z e of those events which were thus re-assigned 
was assumed to be the b u r s t - s i z e as detected by s c i n t i l l a t o r A under the 
iron. These events were due to two effects: 
i . ) Bursts which begin at the very bottom of the lead do not have 
s u f f i c i e n t depth of lead in which to develop into a measurable shower, 
however the energy per p a r t i c l e i s very high and so the equivalent 
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i n the iron can be assumed to be the energy of the hadron which 
interacted i n the lead. 
i i . ) Since the lead roof extends beyond the s c i n t i l l a t o r C both forwards 
and backwards (see F i g . 4«fb)), bursts can be produced i n the lead, 
miss s c i n t i l l a t o r C, but trigger the chamber by passing through 
s c i n t i l l a t o r A, and hence be mistaken for bursts produced in the 
iro n . 
A summary of the data recorded on films H78 to H94 for which both a 
measurable pulse height and a r r i v a l d i rection were available i s presented 
in Table 4.1 . F i g s . 4.1 , 5.1 , 5.2, 5.3 show some t y p i c a l events. 
F i g s . 4.3a) and 4«*3b) show the frequency of bursts of i n c r e a s i n g 
s i z e that a r r i v e d from a l l angles upto 60"„ 
4.4 Summarv of data 
F i g s . 4.4-a) and 4.<4b) show the frequency of bursts of a l l s i z e s that 
arrived as a function of a r r i v a l direction. F i g . 4.4°) i s the calculated 
a r r i v a l d i r e c t i o n d i s t r i b u t i o n for hadrons at s e a - l e v e l assuming 
(4.1) 
1(0-) = 1(0) cos 8& 
Cle a r l y the steep & dependence for large Q i s due to the high power of the 
cos ©• index, but the histograms of F i g . 4.4 do not r e f l e c t t h i s . This i s 
thought to be due to muon contamination which i s negligible i n the v e r t i c a l 
direction (Saleh [1975]) but w i l l increase with increasing ©- because of the 
much weaker ©• dependence of the muon spectrum. 
To minimise the muon contamination a cut has been made at 30° and the 
derived hadron spectrum and hadron interaction length i n a i r are based on 
a l l events which arrive within ±30° of the v e r t i c a l . The r e s u l t i n g data 
i s presented i n f i g u r e s 4»2a) and 4.2b),, 
Figure 4.4a) Histogram of a r r i v a l d i r e c t i o n d i s t r i b u t i o n ' of 
a l l the btirsts that occurred i n the lead. 
Figure 4.4b) Histogram of a r r i v a l d i r e c t i o n d i s t r i b u t i o n Of 
a l l the bursts that occurred i n the iron,. 






LU 30 ZD C3 LxJ 20 Cd 
Li_ 10 
20 25 30 35 40 45 50 55 60 65 
fr DEGREES 

























C L 1 Q-6 
10"' 
10 -8 
In tegra l 
MEDIAN G = 2 2 ° 
MEAN 6 = 30° 
Differential 
FIG. 4 - 4 c ) 
Probabi l i ty of hadron arr iv ing at 
s e a - l e v e l at an angle of 9' 
- I 1 1 1 - J L L _ 




4.5 The hadron spectrum 
F igs . 4.5 and 4.6 show the i n t e g r a l burst spectra before correct ion to 
an absolute r a t e . 
The s o l i d angle avai lable f o r detect ion of hadrons i s simply calculated 
i f we assume the i n t e n s i t y of hadrons at Q- to the v e r t i c a l l (0 ) = l (o)cos 0-and 
2 
we define the acceptance area of detector as A cm . 
(4 .2) 
Then I TOTAL = J l (o)cos 0 2TX s in ©- d ©• Acos& 
o 
= Ko) W A 
I f the t o t a l number of events >500 pa r t i c l e s i s n i n a t o t a l sensi t ive 
time t sec. Then:-
(4.3a) 
The V e r t i c a l _ n 10 -2 -1 -1 
I n t e n s i t y >500 p a r t i c l e s " t 2TUA ° m 3 
The acceptance area A i s defined by demanding that the whole of the burst 
be v i s i b l e , hence events w i t h i n 0.5 cm (on the scanning sheet) of the edge 
of the chamber are inadmissible. The acceptance geometry f o r bursts 
occuring i n the lead and i ron respect ively are shown i n Pigs. 4 .7a) , b) and 
4.8a) , b ) . 
Clear ly the acceptance geometry f o r bursts occuring i n the lead or the i ron 
2 
i s not a simple detector of area A cm . The acceptance geometry has 3 
peculiar fea tures : -
i . ) I t consists of two planes separated by a distance z, measured from 
the top of the s c i n t i l l a t o r below the target to the bottom of the 
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def in ing layers (Pla f o r bursts produced i n the lead, Fib f o r bursts 
produced i n the i r o n ) . 
i i e ) Since we only measure the projected zeni th angle, the simple in t eg ra l 
of equation 4.2 has to be replaced by more complicated expressions. 
This poin t i s discussed f u r t h e r i n sect ion 4.6 and Appendix V, the 
d i f f e r e n t i a l apertures thus derived are shown i n f i g . 4.12. 
i i i . ) Since a cut at projected zeni th angle 30° has been made, the aperture 
i s f u r t h e r reduced, and can be calculated by in tegra t ing under the 
required curve of f i g . 4.12 between 0° and 30° . 
Assuming n = 8, the aperture f o r bursts produced i n e i ther the lead or the 
2 
i r o n -within the acceptance geometry has thus been calculated to be 0.496 m s t . 
F igs . 4.5 and 4.6 have been derived from the equation; 
The V e r t i c a l I n t ens i t y >N pa r t i c l e s = £| 1 m~2 s£~1 s e a ~ ^ 
1 0.496 
where t = t o t a l sens i t ive time; n = number of events >N p a r t i c l e s . 
I n order t o convert t o the requ i red spectrum of hadrons incident on the 
chamber requires two fu r the r s teps 
i . ) Using the burst size-energy relat ionships (whose der iva t ion i s described 
i n Chapter 2)of f i g s . 4.9a) and 4.9b) , we c an convert the burst-s ize 
measurements to energy measurements 
i i . ) D iv id ing the number of bursts produced i n an absorber by the p robab i l i ty 
of a hadron producing a burs t i n that absorber gives the number of 
hadrons incident on the chamber. For bursts produced i n the lead t h i s 
p r o b a b i l i t y i s simply the p r o b a b i l i t y of a hadron i n t e r a c t i n g i n 15 cms 
Figure 4 ,5 I n t e g r a l burst size spectrum "before c o r r e c t i o n to an 
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of lead, however f o r bursts produced i n the i r o n th is p r o b a b i l i t y i s 
the product of the p r o b a b i l i t y of a hadron in te rac t ing i n 15 cms of 
i r o n and the p robab i l i t y of a hadron not i n t e r ac t ing i n the lead. 
This poin t i s discussed f u r t h e r i n Section 4.8 and Appendix V I . 
P igs . 4.10a) and 4.10b) are thus the absolute d i f f e r e n t i a l energy spectra 
of hadrons incident on the chamber as measured from the i r in te rac t ions i n 
15 cms of lead and 15 cms of i r o n respec t ive ly , assuming 100% nucleons 
inc iden t . 
The lowest burs t -s ize point i n each f i g u r e l i e s w e l l below the expected l e v e l . 
This i s a t r i g g e r i n g e f f e c t , the f luc tua t ions of the lowest energy i n i t i a t e d 
bursts to small burst-sizes w i l l not t r igger the system. 
Both sets of data have been combined to produce the f i n a l v e r t i c a l d i f f e r e n t i a l 
energy spectrum of sea-level hadrons depicted i n f i g . 4.10c). The spectrum 
has a smooth E"^ dependence i n the range 700 - 5000 GeV w i t h a best estimate 
value f o r f = 2.7. 
Table 4.2 l i s t s the work of various authors who have measured the d i f f e r e n t i a l 
hadron energy spectrum and a l l agree that the spectrum i s smoothly decreasing 
i n i n t e n s i t y . However there i s a large spread i n the measured values of the 
d i f f e r e n t i a l slope w i t h a mean value ~3.0 between 10 GeV and 10 TeV. 
4.6 The zenith angle dependence 
I n the present experiment we can only measure the projected zeni th angle of 
each event. I n order t o r e l a t e the measured d i s t r i b u t i o n to the actual 
zeni th angle d i s t r i b u t i o n a method f i r s t described by Lovati (1954) and 
FIG. 4 -7a) 
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l a t e r generalised by Pat t ison (1965)is used. These previous authors have 
considered the case of a telescope w i t h two symmetrically arranged planes. 
However, the present experiment involves a telescope ( the s c i n t i l l a t o r under 
the target and the bottom layer of the de f in ing block of flash-tubes i,e. 
PI a f o r the lead target and Fib f o r the i r o n target) w i t h two asymmetrically 
aligned planes (see Pigs. 4 .7a), b) and 4 .8a) , b ) )„ I n Appendix V i s 
presented an e x p l i c i t de r iva t ion of the "Lovat i" formulae f o r the projected 
angular d i s t r i b u t i o n i n a telescope of cosmic rays incident w i t h an angular 
d i s t r i b u t i o n l{0) = l (o )cos n 0 , where 0 i s the angle between the incident 
cosmic ray and the zeni th and n i s an integer greater than or equal to zero. 
The necessary modificat ions to the de r iva t ion and subsequent formulae 
necessary f o r the p a r t i c u l a r geometry used i n th is experiment are shown. 
Table 4.3 i s a summary of the formulae thus derived i n both cases, the 
parameters are defined i n Pigs. 4.7, 4.8. P i g . 4.12 shows the d i f f e r e n t i a l 
apertures thus derived f o r a telescope consis t ing of two symmetrically 
aligned planes. P ig . 4.13 i s a comparison of the two cases f o r n = 0 and 
n = 8 where l(0) = iCoJcos 1^. By f i t t i n g these curves to the data of Pigs. 
4.3&) and 4.3b) and running a minimum chi-square f i t a best value f o r the 
exponent n has been found. 
The resul t s of these tests are shown i n F igs . 4.14 and 4.15 and Table 4.4. 
The f i t s were made by considering only those events which a r r ived w i t h i n 
+30° to the v e r t i c a l i n the projected plane. As mentioned previous ly , 
although the curves are more sensi t ive at larger angles, only bursts near 
the v e r t i c a l are used to avoid any excessive contamination from muon 
induced burs t s . 
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Figure 4<>10a) The absolute d i f f e r e n t i a l energy spectrum o f hadrons 
inc iden t on the f l a s h tube chamber as measured from 
t h e i r i n t e r a c t i o n s i n l5cms* o f lead , assuming 100% 
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Figure 4.10b) $he absolute d i f f e r e n t i a l energy spectrum of hadrons 
incident on the f l a s h tube chamber as measured from 
t h e i r i n t e r a c t i o n s i n 1 5cms<, of irony assuming 100$ 

















F i g u r e 4*10c) The v e r t i c a l d i f f e r e n t i a l e n e r g y s p e c t r u m o f h a d r o n s 
a t s e a - l e v e l as m e a s u r e d w i t h t h e f l a s h t u b e c h a m b e r . 
R a t e o f h a d r o n s o f e n e r g y E G e F p e r sq^cm,, p e r s t e r a d i a n 
p e r s e c o n d p e r G e F b e t w e e n 700 a n d 5000 GeV i s 
p r o p o r t i o n a l t o E " ^ w h e r e e s t i m a t e = 2.T. 
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TABLE 4.2 
S U M M A R Y O F P R E V I O U S M E A S U R E M E N T S O F T H E 
S L O P E O F T H E D I F F E R E N T I A L E N E R G Y 
S P E C T R U M O F H A D H O N S 
A u t h o r Y e a r 
-2 
D e p t h gm. cm 
N a t u r e o f 
Hadrons 
E n e r g y Range 
GeV Y 
D m i t r i e v 1960 700 A l l 500 - 3000 2 .0 
B a b e c k i 1961 1 ,030 A l l 10 3 - 10 4 2.9 +0 .05 
B r o o k e e t . a l . 1964 1 ,030 P r o t o n s 0 .6 - 150 2.75 
G r i g o r o v 1965 700 A l l 500 - 3000 4.5 
Jones e t . a l . 1970 700 A l l 70 - 1000 3 
Kaneko 1971 550 A l l 3.1 0 3 - 3 . 1 0 4 3.7 
Cowan e t . a l . 1 971 1 ,030 A l l Charged 100 - 1000 3.1 
A s h t o n e t . a l . 1973 1 ,030 N e u t r o n s 0 . 4 - 1 .2 2.95 10 .10 
S i o h a n 1973 730 A l l 100 - 1200 3.2 
D i g g o r y 1974 1 ,030 P r o t o n s 1 - 1 5 0 2.75 
A s h t o n e t . a l . 1975 1 ,030 P i o n s 40 - 7.10 3 2.55 ±0.10 
Yodh 1975 730 A l l 400 - 6.10 3 3.5 +0.1 
B a r u c h e t . a l . 1975 1 ,030 A l l 10 3 - 2o10 i f 2.7 
P r e s e n t 'Work 1979 1,030 A l l 900 - 4000 2 .7 
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4.7 The i n t e r a c t i o n l e n g t h i n a i r o f t h e h a d r o n s p r o d u c i n g t h e b u r s t s 
I f t h e i n t e n s i t y o f p r i m a r y n u c l e o n s a t t h e t o p o f t h e a tmosphere i s I p , 
t h e n t h e i n t e n s i t y a t some d e p t h 3r a t z e n i t h a n g l e 0 i s 
where S*. a = a t t e n u a t i o n l e n g t h o f t h e n u c l e o n s i n a i r . 
Thus 1 ( 0 ) = I p exp^gQ 
and 1(0) = 1 (0 )exp -/ *J-
The t e r m i n t h e squa re b r a c k e t s can be expanded t o g i v e 
l(0) l ( 0 ) e x p - ^ ^ , i g n o r i n g h i g h e r o r d e r terras and e x p a n s i o n o f t h e 
e x p o n e n t i a l i g n o r i n g h i g h e r o r d e r t e r m s g i v e s 1(0) ^= l ( o ) c o s n ^ 
where n = 
-2 
A t s e a - l e v e l y = 1 ,030 g .c in 
_ . 1 ,030 -2 So % & = g - c m 
The measured v a l u e o f n = 9.5 1 2 . 7 f o r t h e b u r s t s p r o d u c e d i n t h e i r o n , 
-2 
g i v e s £ a = 108 g.cm" 
whereas £ f o r n u c l e o n s = 127 i 1 5 g.cin ( A s h t o n [1970]) 
and ^ a f o r p i o n s = 158 ±19 g .cm ( A s h t o n [ p r i v a t e comm.] ) 
The s m a l l v a l u e f o r 5^ a measured i n d i c a t e s t h a t the b u r s t s i n t h e i r o n a r e 
m a i n l y p r o d u c e d b y n u c l e o n s , however t h e l a r g e m a r g i n o f e r r o r does n o t 
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p r e c l u d e a s u b s t a n t i a l c o n t r i b u t i o n f r o m p i o n s . However t h i s i s n o t 
s t r i c t l y t r u e s i n c e t h e a rgument p r e s e n t e d above does n o t a p p l y t o p i o n s , 
I f we assume t h a t n ( E , x ) d x i s t h e number o f p i o n s o f e n e r g y E f o u n d a t 
d e p t h ( x , x + d x ) i n t h e a tmosphere t h e n 
n ( E , x ) d x = P(E)dE e Ft x 1 _ VVv ' 
1 + P / E TTJ/e 
w h e r e 1 _ = " 1 _ ( B r o o k e e t a l [ l 964]) 
5\ S,p % n 
where F ( E ) d E = p r i m a r y d i f f e r e n t i a l n u c l e o n s p e c t r u m 
Svp = a t t e n u a t i o n l e n g t h o f n u c l e o n s i n a i r 
5^ = a t t e n u a t i o n l e n g t h o f p i o n s i n a i r 
p = i n e l a s t i c i t y f o r n u c l e o n - n u c l e o n i n t e r a c t i o n s 
Then t h e number o f p i o n s w i t h e n e r g y E a t d e p t h y i n t h e a tmosphe re a t 
a n g l e 0 t o t h e z e n i t h i s N( j3) 
t o f i r s t o r d e r w h e r e N(0)*c= ^ exp -
 v 
c o s 0 S , p [ c o s j Z f ^ 
and N ( 0 ) = Y exp - y 
SsP % 
HOT f o l l o w i n g a s i m i l a r p a t t e r n t o t h e p r e v i o u s d e r i v a t i o n 
n—1 
g i v e s 1(0) = l ( 0 ) c o s © - f o r p i o n s 
where n = y 
Hence a s s u m i n g ^ = 158 g .cm we e x p e c t 1(0) = l ( o ) c o s ° S - a t s e a - l e v e l . 
The v a l u e o f n = 4.5 i 1 .2 f o u n d f o r t h e b u r s t s p r o d u c e d i n t h e l e a d 
m i g h t a t f i r s t s i g h t i n d i c a t e t h a t t h e b u r s t s p r o d u c e d i n t h e l e a d a r e 
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m a i n l y due t o p i o n s whereas t h e b u r s t s p r o d u c e d i n t h e i r o n a r e m a i n l y 
p r o d u c e d b y n u c l e o n s . 
However T a b l e 4»5 shows t h e p r o b a b i l i t i e s o f i n t e r a c t i o n s t a k i n g p l a c e i n 
t h e i r o n and t h e l e a d f o r t h e case o f p i o n s i n c i d e n t and p r o t o n s i n c i d e n t 
i n t h e two e x t r e m e cases 
a . ) When o n l y v e r t i c a l h a d r o n s a r e c o n s i d e r e d 
b . ) When h a d r o n s a t a l l a n g l e s u p T l / 2 t o t h e z e n i t h a r e c o n s i d e r e d . 
(See A p p e n d i x V I , ) 
S i n c e t h e d a t a c o l l e c t e d r e f e r r e d t o p r o j e c t e d a n g l e u p t o 3 0 ° t o t h e z e n i t h 
t h e r e l e v a n t p r o b a b i l i t i e s l i e somewhere b e t w e e n t he se two e x t r e m e s . 
However i t i s q u i t e c l e a r t h a t t h e r e i s l i t t l e d i f f e r e n c e b e t w e e n t h e 
p r o b a b i l i t y o f a p i o n i n t e r a c t i n g i n t h e l e a d a n d t h e p r o b a b i l i t y o f a 
p r o t o n i n t e r a c t i n g i n t h e l e a d . T h i s seems t o r u l e o u t t h e p o s s i b i l i t y 
o f t h e b u r s t s i n t h e l e a d b e i n g m a i n l y due t o p i o n s i f we a c c e p t t h a t t h e 
b u r s t s i n i r o n a r e m a i n l y due t o n u c l e o n s . 
A more l i k e l y e x p l a n a t i o n f o r t h e f l a t t e r p r o j e c t e d z e n i t h a n g l e d i s t r i b u t i o n 
o f b u r s t s o b s e r v e d u n d e r t h e l e a d i s t h a t because t h e r e a r e o n l y e i g h t l a y e r s 
o f f l a s h - t u b e s b e t w e e n t h e l e a d and i r o n , i t i s d i f f i c u l t t o a c c u r a t e l y 
a s c e r t a i n t h e d i r e c t i o n o f a b u r s t w h i c h i s i n i t i a t e d i n t h e l e a d b u t does 
n o t c o n t i n u e u n d e r t h e i r o n . The b u r s t s p r o d u c e d i n t h e i r o n c a n be seen 
i n t h e m a i n b o d y o f t h e f l a s h - t u b e chamber (96 l a y e r s ) and hence t h e measure-
ment o f p r o j e c t e d z e n i t h - a n g l e c a n be made w i t h much g r e a t e r a c c u r a c y . 
FIG.4-11 
The d i f f e r e n t i a l aper ture f o r burs 
in the lead or the i ron assuming 
symmetrical ly arranged planes. 
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FIG. 4-13 Comparison of the Lovati 
curves f o r . 
n =0 
n = 0 
a) isotropic radn. 
b) cos 0 type radn. 
where actual (asymmetric) arrangement 
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TABLE 4 .3 
A SUMMARY OF THE " L O V A T I FORMULAE" FOR THE PROJECTED ANGULAR 
D I S T R I B U T I O N OF RADIATION INCIDENT WITH ZENITH ANGLE 
D I S T R I B U T I O N C O S a U ) ON TWO HORIZONTAL PLANES' SEPARATED BY 
VERTICAL DISTANCE Z.s(symmetrically and asymmetrically a l i g n e d ) a 
Symmetrical*- N Q ( 'e) = j&0,cas(6').((X-W)^tan""^(W-X)eoose/z) 
+(X+tf)^tan' 1((W+X)*co sC / z ) 
Asymmetrical fc-E (©^ = %K„cos(&)„( (2W*&) „ta n r i ( (2iM) .cosG ' / z ) -
(2W+&-2X)fctan? ( (2W+S -2X) . coae / z ) -
( ZX-S ) „t an" 1 ( ( 2 X - S ) „ QO 3&/z) -
n=l 
Symmetricalt- N ( e ) = c o s O l ( ^ 2 2 + 2 (W+X) 2 „ • c o A y _ ^ g 2 * 2 ( t f - X ) 2 , c 0 3 2 O y ) 
+ — 
Aisymraetrxcals-H (;'©•) «*,'£Ke.co.sO;( ^ i j . - + B» ' • B x - B^' ') 
Symmetrical s- JL ( ' e ) = K c c o 3 2 e ,^Z 3( I n A - I n A\ ) + f E (G^oos 2©' ^ — + o* 
8 
Asymmetrical s -N^(€r) - fc„cos2e-,Z3( I n A* + l u A ^ - I n A 2 - lni A^ ) + f l T o ( & ) „cas2 
6 
Symmetrical>~ N (Q^ ) - K^cosV^Z 1" 1 ( A ° - A~ ) + n»l.M O(e").oo3 
11 n^+Z) ~ * n * 2 ^ 2 
j i / 2 j i / 2 j i / 2 j r / 2 
Asymmetrical f c -N (&) = E^cp-srii&^Z^_( A\T * te~ ~ A ~ - A ? ) + 
n*t „N _ ( e ) ^ c o s 2 © ' — n - 2 n*2 
where i 
K = 41^(YM-V-ZotanG') j A+ •« Z2+(W+ • X ) 2 , c a s 2 e * k x « Z 2 +(2V /+S-2X) 2;co3 26^ 
A 2= Z 2 + ( 2 W + S ) 2 P c o s 2 ^ A^= Z 2 +(2X -S) 2c.eos 2 e ' j : A^ . « Z^+^oCOs2©'? 
B) = 2A1-Z2|. B"; = 2Au~Z 2| B< = 2Ay-Z 2? B - 2A /~Z 2 < > 
) ( 2 F i t s f o r pa rameter n 
FIG. 4-14 
/ 
6 8 10 12 14 
n 
FIG 4-15 
Bursts in lead 
60 
a 40 







n sig level 
LEAD 4 5 ± 1-2 5 0 % 
IRON 9-5 ± 2 7 5 0 % 
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4 . 8 The r a t i o o f t h e number o f b u r s t s i n l e a d t o t h e number o f b u r s t s 
i n i r o n 
T a b l e 4.<S a l s o i n c l u d e s t h e p r e d i c t i o n t h a t t h e number o f b u r s t s i n t h e 
l e a d s h o u l d be t w i c e t h e number o f b u r s t s i n i r o n . T h i s i s p h y s i c a l l y 
q u i t e s i m p l e t o u n d e r s t a n d , s i n c e b o t h t a r g e t s a r e a p p r o x i m a t e l y t h e same 
d e p t h i n i n t e r a c t i o n l e n g t h s ( s e e T a b l e 4.4) i n o r d e r f o r a h a d r o n t o 
i n t e r a c t i n t h e i r o n i t has f i r s t t o s u r v i v e p a s s i n g t h r o u g h t h e l e a d 
w i t h o u t i n t e r a c t i n g i . e . 
P r o b a b i l i t y o f a h a d r o n P r o b a b i l i t y o f a h a d r o n P r o b a b i l i t y o f h a d r o n 
= x 
i n t e r a c t i n g i n t h e i r o n i n t e r a c t i n g i n 15 cm.Pe NOT i n t e r a c t i n g i n 
15 cm.Pb 
However t h e f i n a l co lumn o f T a b l e 4.4 shows t h a t t h i s r a t i o i s s i g n i f i c a n t l y 
s m a l l e r t h a n t h e p r e d i c t i o n f o r e i t h e r p i o n s o r p r o t o n s i n c i d e n t . 
The r e a s o n f o r t h i s i s p r o b a b l y l i n k e d w i t h t h e r e a s o n why t h e p r o j e c t e d 
z e n i t h - a n g l e d i s t r i b u t i o n i s f l a t t e r f o r b u r s t s p r o d u c e d i n t h e l e a d t h a n 
f o r b u r s t s p r o d u c e d i n t h e i r o n . 
The d a t a summar i sed i n T a b l e 4.1 e x c l u d e s a l l e v e n t s f o r w h i c h no measurement 
o f t h e a r r i v a l d i r e c t i o n c o u l d be made. Such e v e n t s p r o d u c e d a p u l s e i n 
e i t h e r s c i n t i l l a t o r A o r C b u t no c o h e r e n t b u r s t c a n be seen i n t h e f l a s h -
t u b e chamber . These a r e p r o b a b l y m a t u r e showers t h a t have begun n e a r t h e 
t o p o f t h e a b s o r b e r and t h e e l e c t r o n s have become h i g h l y s c a t t e r e d so t h a t 
i n s u f f i c i e n t numbers o f e l e c t r o n s a r e p a s s i n g t h r o u g h t h e same f l a s h - t u b e 
t o p r o v i d e t h e h i g h degree o f i o n i s a t i o n r e q u i r e d t o f i r e t h e f l a s h - t u b e a t 
l o n g t i m e - d e l a y . 
TABLE 4.5 COMPARISONS OF THE PROBABILITIES OP PIONS AND PROTONS 
INTERACTING I F THE LEAD OR THE IRON 
P IT 
P r o b a b i l i t y o f i n t e r a c t i o n i n Pb f o r n o r m a l i n c i d e n c e 0.53 0.53 
P r o b a b i l i t y o f i n t e r a c t i o n i n Pb f o r 0 - i n c i d e n c e 0.57 0.46 
P r o b a b i l i t y o f i n t e r a c t i o n i n Pe f o r n o r m a l i n c i d e n c e 0.26 0.24 
P r o b a b i l i t y o f i n t e r a c t i o n i n Pe f o r 0 - i n c i d e n c e 0.25 0.25 
E x p e c t e d N o . o f b u r s t s i n P b / N o . o f b u r s t s i n Fe f o r 
n o r m a l i n c i d e n c e 2.03 2.21 
E x p e c t e d N o . o f b u r s t s i n P b / f a o . o f b u r s t s i n Pe f o r 
0 - i n c i d e n c e 2 .23 1 . 8 4 
Measured N o . o f b u r s t s i n P b / N o . o f b u r s t s i n Fe 1 .18 to.16 
Number o f i n t e r a c t i o n l e n g t h s i n 15 era. o f Pb 0.79 0.76 
Number o f i n t e r a c t i o n l e n g t h s i n 15 cm. o f Fe 0.81 0.70 
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We shou ld expect more d i f f i c u l t y i n a s c e r t a i n i n g the d i r e c t i o n of such b u r s t s 
produced i n the l ead than i n the i r o n because o f the r e l a t i v e l y few l a y e r s 
o f f l a s h - t u b e s a v a i l a b l e under the l ead compared w i t h under the i r o n . Hence 
more events produced i n the l ead would be excluded because o f l ack o f an 
a r r i v a l - d i r e c t i o n measurement than i n the i r o n . I t i s o f i n t e r e s t t o note 
t h a t s u b s t a n t i a l l y more events a t l a r g e zen i th -ang le are observed i n the 
i r o n than i n the l e a d . These would be j u s t such events s ince a t l a rge z e n i t h 
angle the b u r s t has g r e a t e r th ickness o f absorber i n w h i c h t o develop. 
4.9 Summary and conc lus ions 
A measurement o f the d i f f e r e n t i a l hadron energy spectrum a t s e a - l e v e l has 
been made u s ing p l a s t i c s c i n t i l l a t o r s and l e a d / i r o n t a r g e t s to measure the 
energy o f the i n c i d e n t hadrons , and a f l a s h - t u b e chamber t o measure t h e i r 
- Y 
a r r i v a l d i r e c t i o n i n p r o j e c t i o n . The r e s u l t s show a smooth E dependence 
between 7.10^ GeV and 5.10^ GeV w i t h a bes t est imate v a l u e o f y = 2 . 7 . 
An a n a l y s i s o f the a r r i v a l d i r e c t i o n s based on z e n i t h angles up to 3 0 ° i n the 
p r o j e c t e d plane appa ren t ly i n d i c a t e t h a t the bu r s t s i n l ead are due ma in ly to 
pions whereas the b u r s t s i n i r o n are due to p ro tons . However, f u r t h e r 
cons ide r a t i ons on the p r o b a b i l i t i e s o f p ions and pro tons producing b u r s t s i n 
the t a r g e t s and on the l i m i t a t i o n s o f the zen i th -ang le measurements o f b u r s t s 
which are produced i n the l ead bu t f a i l t o cont inue below the i r o n i n d i c a t e 
t h a t t h i s i s a spurious e f f e c t . 
Based on the more accurate z e n i t h angle measurements o f the b u r s t s produced i n 
the i r o n the i n t e r a c t i o n l e n g t h i n a i r o f the hadrons p roduc ing the b u r s t s was 
n .,43 -2 found t o be ^ = 108 ± 2 4 g»cm . 
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This wou ld i n d i c a t e t h a t the m a j o r i t y o f hadrons i n c i d e n t a t s ea - l eve l 
2 3 
between 7.10 GeV and 5<>10 GeV are nuc leons , however the l a r g e margin 
e r r o r i n v o l v e d i n t h i s measurement does no t preclude a s u b s t a n t i a l 
c o n t r i b u t i o n from p i o n s . 
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CHAPTER 5 
H I G H L Y I O N I S I N G P A R T I C L E S 
5.1 .1 I n t r o d u c t i o n 
Ever s ince the e a r l i e s t t heo r i e s ( R u t h e r f o r d [ l911 ] , Bohr [1915 ] ) and 
expe r imen ta l i n v e s t i g a t i o n s ( R u t h e r f o r d f l 911 ] , M i l l i k a n [1940]) o f the 
subatomic na ture o f ma t t e r , a l l fundamental p a r t i c l e s have been found to 
-1 9 
have the same magnitude o f charge as the e l e c t r o n e - 1 .6021917 x 10 c o u l . , 
o r zero charge. The on ly p a r t i c l e s ever found t o have z>1 have been n u c l e i -
c o l l e c t i o n s o f s i n g l y and n e u t r a l l y charged baryons h e l d together by a f o r c e 
2 
( t h e "strong?' n u c l e a r f o r c e ) ~10 t imes s t ronger than, the e lec t romagnet ic 
r e p u l s i v e f o r c e between the charged nucleons ( p r o t o n s ) - s t r i p p e d e l e c t r o -
m a g n e t i c a l l y o f t h e i r n e u t r a l i s i n g s h e l l s o f e l e c t r o n s . 
H i g h l y charged n u c l e i are d e f i n i t e l y present i n the p r imary cosmic r a d i a t i o n 
i n c i d e n t on the e a r t h ' s atmosphere and have been found deep i n the atmosphere 
on b a l l o o n f l i g h t s . However a t s e a - l e v e l , no s u r v i v i n g nucleons have been 
found w i t h z>3, i n f a c t the measured r a t e o f a r r i v a l a t s e a - l e v e l o f 
p a r t i c l e s w i t h mass >mp i n measurements on the incoheren t hadronic component 
—10 —2 —1 —1 
a t s e a - l e v e l i s 10 cm s s t (Ashton e t a l [1968]) . Th i s i s because 
the l a r g e amount o f atmosphere (~12 nucleon i n t e r a c t i o n leng ths ) and the 
increased i n t e r a c t i o n cross s e c t i o n (6~ i n t ^ A ^ / j ) f o r h i g h l y charged n u c l e i 
combine to reduce the p r o b a b i l i t y o f a nucleus s u r v i v i n g the journey to sea-
-1 2A-
l e v e l w i t h o u t i n t e r a c t i n g t o ~ e 3 . From emulsion s tack s tud ies o f the 
i n t e r a c t i o n s o f h i g h energy n u c l e i (see f o r example O ' D e l l [1962]) , the 
p r o b a b i l i t y o f a heavy nucleus i n t e r a c t i o n r e s u l t i n g i n f r a g m e n t a t i o n o f 
the nucleus i s about 20$. The above c ons ide ra t ions o f the very s h o r t i n t e r -
2 
a c t i o n l e n g t h ( -14 g.cru i n a i r f o r z>20 Hayakawa [1969 ] ) combined w i t h 
f r a g m e n t a t i o n l e a d us t o b e l i e v e t h a t a l l heavy n u c l e i a r e broken up i n t o 
nucleons w i t h i n a s h o r t th ickness o f the atmosphere. 
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Hence, searches f o r h i g h l y charged, e x o t i c p a r t i c l e s ( e . g . raonopoles, Yock 
p a r t i c l e s , tachyons, see below) i n the h i g h l y r e l a t i v i s t i c (>1 G-eV) 
component o f s e a - l e v e l cosmic r a d i a t i o n can set s evere l i m i t s on the 
p r o b a b i l i t i e s o f p roduc ing such p a r t i c l e s i n c o n v e n t i o n a l r eg ions o f space 
and t i m e . 
5.1 .2 Magnetic monopoles 
Maxwel l ' s theory o f e lectromagnet ism based on the experiments o f amongst 
o thers Faraday, Ampere, B i o t - S a v a r t i n c l u d e d the asymmetric p a i r o f source 
f i e l d a q u a t i o n s s -
(5 .1 ) V . D = 4TTp 
(5 .2 ) V . B = 0 
where D = e l e c t r i c displacement ( f i e l d i n a medium) 
B = magnetic f i e l d 
which were based on experiments c a r r i e d ou t a t the macroscopic l e v e l and 
i n d i c a t e t h a t a l though f r e e e l e c t r i c charge can be f o u n d , magnetic charge 
only occurs i n a f r e e s t a t e i n regions o f space and time much smal ler than 
those access ib le t o the e lec t romagnet ic de t ec to r s a t t h a t t i m e . 
* 
W i t h the advent o f d e t e c t o r s capable o f d i s t i n g u i s h i n g down to a tomic , sub-
atomic and even sub-nuclear r e g i o n s , and an accompanying fundamental change 
i n the c u r r e n t l y held, t h e o r i e s as t o the na tu re o f m a t t e r , t h i s apparent 
asymmetry became an anathema to the t h e o r e t i c a l a r c h i t e c t s o f quantum t h e o r y . 
Symmetry became an opera tor on r a t h e r than a p rope r ty o f p h y s i c a l systems, 
and systems which were asymmetric under symmetric opera t ions al-.va.ys y i e l d e d 
a more fundamental s t r u c t u r e than had a t f i r s t been apparent . 
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I f M a x w e l l ' s laws o f electromagnetism are t r u l y fundamenta l , argued D i r a c 
[1931 ] ) , then a t some l e v e l o f d e t e c t i o n f r e e magnetic monopoles must 
e x i s t o His arguments, based on f u r t h e r analogy w i t h the quantum e l e c t r o -
dynamics o f the e l e c t r o n , y i e l d e d a va lue f o r t h i s charge o f ^ e/o( 
where c< = f i n e s t r u c t u r e cons tant = 
-fie T37 
w i t h an i o n i s i n g c a p a b i l i t y some 1cA t imes as s t rong as t h a t due t o an 
e l e c t r o n ( i o n i s i n g power* Z where Z = c h a r g e ) . I f the fundamental charge 
i s e / s then D i r a c ' s monopole would have charge 3 / 2 e/x and a subsequent 9 
f o l d inc rease i n i o n i s i n g power. 
Schwinger 's ( 1 9 6 6 , 1968) arguments f o r the ex is tence o f a magnetic monopole 
o f charge n£/6( are r o o t e d i n a more p h y s i c a l i n t e r p r e t a t i o n o f the 
f u n d a m e n t a l i t y o f the e lec t romagne t ic f o r c e , t h a t i t i s the f o r c e which 
b inds a nuc leon together th rough the c r o s s - t a l k between elementary monopole -
antimonopole p a i r s i n s i d e the nuc leon , dyons. (See Table 5»1 f o r s a l i e n t 
p r o p e r t i e s o f b o t h types o f monopole.) 
The on ly d e t r a c t o r s f rom the " H i g h Z" schoo l o f thought are those authors 
(R&carni and Mignani [ l 976 ] , Parker [ l 969 ] ) whose arguments a r e based on 
extensions t o S p e c i a l R e l a t i v i t y theory r a t h e r than quantum e l ec t rodynamica l 
t h e o r y , b rough t about aga in by cons ide ra t ions o f symmetry. I n extended 
r e l a t i v i t y (extended t o i n c l u d e the p o s s i b i l i t y o f p a r t i c l e s t r a v e l l i n g 
f a s t e r than l i g h t - see Chapter 8) magnetic monopoles a re i n f a c t e l e c t r i c 
monopoles t r a v e l l i n g f a s t e r than l i g h t , tachyon monopoles. Hence the v a l u e 
o f the magnetic monopole's charge becomes the magnitude o f the source o f 
the s u p e r l u m i n a l l y Lorentz t ransformed f i e l d o f the e l e c t r i c charge. Parker 























































































































superlurainal v e l o c i t y . Recarni and Mignani choose a more c o n v e n t i o n a l 
va lue o f the order o f e/o< , b u t t h i s i s more based on s p e c u l a t i o n as to 
the i o n i - i n g power o f a supe r lumina l e l e c t r i c charge r a t h e r than deduct ive 
reason ing . 
I n f a c t a quantum mechanical approach to the e lec t romagnet ic i n t e r a c t i o n s 
o f supe r lumina l charged p a r t i c l e s w i t h o r d i n a r y mat te r (Lemke [1 975] [1 976] , 
see Chapter 8 ) i n d i c a t e s t h a t the reduced cross s e c t i o n f o r e lec t romagnet ic 
i n t e r a c t i o n s o f a supe r lumina l e l e c t r i c f i e l d would make the energy loss by 
i o n i z a t i o n o f a tachyon monopole less than the minimum f o r a subluminal 
r e l a t i v i s t i c charged p a r t i c l e (Lemke [ l 9 7 5 ] ) . 
5 .1 o3 Yock p a r t i c l e s 
An e r r a n t d i s c i p l e o f Schwinger's, Yock has f o r m u l a t e d a theory o f the 
s t r u c t u r e o f the p r o t o n based on the ex i s t ence o f h i g h l y charged ( Z ^ I O ) 
fundamenta l p a r t i c l e s whose e lec t romagnet ic a t t r a c t i o n s are r e spons ib l e f o r 
the " s t r o n g " nature o f the hadronic f o r c e (Yock [ l 969] , [1 9 7 0 ] ) . 
As w i t h Schwinger, Yock f e e l s t ha t the known e lec t romagnet ic f o r c e s h o u l d 
be i n v e s t i g a t e d tho rough ly as a p o s s i b l e candidate f o r the f o r c e wh ich b inds 
the p r o t o n toge the r , b e f o r e proceeding to invoke more e x o t i c gluon and 
pa r ton exchange mechanisms (Weinberg [ l 974] , Rev. Mod.Phys. 4 6 , 2 5 5 ) . I n 
o rder t o account f o r the great s t r e n g t h o f the f o r c e , Schwinger hypothesises 
magnetic raonopoles whereas Yock hypothesises h i g h l y e l e c t r i c a l l y charged 
p a r t i c l e s . N e i t h e r model, however, has y e t dimmed the dazzle o f a t t e n t i o n 
which has surrounded the f r a c t i o n a l l y charged quark model o f Gell-Mann 
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[1964] and Zv^eig [1965] , p a r t i c u l a r l y s ince the d i s cove ry o f the J and P s i 
charmed muons, whose d i s c o v e r y , i n c i d e n t a l l y , i n no way d iminishes the 
arguments f o r the e lec t romagnet ic na tu re o f the sub-nucleon b i n d i n g f o r c e . 
5.1 . 4 Tachyons 
A more thorough d i s c u s s i o n o f v a r i o u s t heo r i e s o f tachyons ( f a s t e r than 
l i g h t p a r t i c l e s ) i s presented i n Chapter 8 . However, i t proves convenient 
t o mention two aspects o f the e lec t romagnet ic i n t e r a c t i o n s o f tachyons w i t h 
sub - lumina l ma t t e r - b o t h o f wh ich are s t i l l the sub jec t o f much debate — 
w h i c h cou ld produce s igna tures which might s i m u l a t e a h i g h l y charged 
p a r t i c l e . 
a . ) The e l e c t r i c f i e l d o f a tach^on 
As can be seen f r o m Chapter 8 , 8Vi<»2 > t r a n s f o r m i n g to a super lurninal 
r e fe rence frame i n v o l v e s s i m i l a r t r a n s f o r m a t i o n equations to those f o r sub-
l u m i n a l r e l a t i v i s t i c p a r t i c l e s , except t h a t the equat ion f o r the Loren tz 
f a c t o r y = (1 - P ) ~ a becomes ( 5 . 3 ) 
Ysup = " P 2 ) 4 ( 5 . 4 ) 
and the r e s t mass m o f a s u b - l u m i n a l p a r t i c l e becomes the mass parameter 
i-P 0 (where U q = m) f o r a supe r lumina l p a r t i c l e . 
Hence, i f we cons ide r s i m p l i f i e d expressions f o r the Lorentz t r ans fo rmed 
e l e c t r i c f i e l d o f a r e l a t i v i s t i c p a r t i c l e v i z . 
( 5 . 5 ) Efl = F i e l d p a r a l l e l t o l i n e o f f l i g h t = e (>, _ p 2 ) 
X2 
( 5 . 6 ) Ej^ = F i e l d normal t o l i n e o f f l i g h t = £ _ (1 - £ 2 ) ~ ^ 
r 2 
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a t a p o i n t ( x , 3', z) where r = y + z , f o r a sub- lurn ina l r e l a t i v i s t i c 
p a r t i c l e o f charge e „ As B—?1 t h i s provides the w e l l e s t a b l i s h e d 
behaviour o f the f i e l d normal to t h e l i n e o f f l i g h t i n c r e a s i n g d r a s t i c a l l y 
( t h e " r e l a t i v i s t i c r i s e " r e g i o n o f the energy l o s s by i o n i z a t i o n curve) 
whereas the f i e l d p a r a l l e l t o the l i n e o f f l i g h t d imin i shes . A s p h e r i c a l 
e l e c t r i c f i e l d (due t o a p o i n t charge) a t smal l v e l o c i t i e s becomes pancaked 
normal t o the l i n e o f f l i g h t a t sub - lumina l r e l a t i v i s t i c v e l o c i t i e s . 
However, i f we assume t h a t e l ec t romagne t i c r a d i a t i o n f rom a s u p e r - l u m i n a l 
p a r t i c l e s t i l l t r a v e l s a t the v e l o c i t y o f l i g h t (see Chapter 8 ) then the 
t r a n s f o r m a t i o n equa t ion becomes:-
( 5 . 7 ) E , = e ( B 2 - 1 } « f 
X 2 X2 
( 5 . 8 ) E 1 = O ( B 2 ~ i ) - 4 ^ e . 1 i 
r ^ r ^ B 
The behaviour can be v i s u a l i s e d as the e l e c t r i c f i e l d s t reaming out behind 
the p a r t i c l e a long i t s t r a c k w i t h an angular spread 1_ Th i s i s the 
reverse o f the sub - lumina l behav iour inasmuch as the f i e l d i s now s t ronges t 
p a r a l l e l t o the l i n e o f f l i g h t ( b u t i s now o n l y i n one d i r e c t i o n , -X) and 
becomes weaker normal to the l i n e o f f l i g h t . Hence, one might expect t h i s 
2 
s t rong B dependence o f the e l e c t r i c f i e l d t o show up i n a dense ( e . g . s o l i d ) 
i o n i a t i o n d e t e c t o r . The candidates f o r i o n i z a t i o n can only l i e ve ry c lose 
t o the path o f the p a r t i c l e ( c . f . the c lose c o l l i s i o n s dominance a t sub-
r e l a t i v i s t i c v e l o c i t i e s ) , b u t the re w i l l be no accompanying l e v e l l i n g o f f 
due t o p o l a r i s a t i o n o f the medium ( t h e dens i t y e f f e c t ) since the p a r t i c l e 
goes past every i o n i a t i o n cand ida t e . 
I t shou ld , however, be remembered (see above, "Monopoles") t h a t Lerake 
(1975) has argued, f rom more r i g o r o u s quantum mechanical c a l c u l a t i o n s , 
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t h a t the s m a l l angula r spread o f the e l e c t r i c f i e l d i s the domina t ing 
e f f e c t , r e d u c i n g t h e e f f e c t i v e c r o s s sec t ion to such a l e v e l t h a t a t even 
moderate values o f B (~10) the energy loss by i o n i S a t i o n should be less 
than t h a t a t minimum f o r a sub- lu rn ina l r e l a t i v i s t i c p a r t i c l e . The problems 
o f c r e a t i n g a quantum mechanics o f tachyons have been p o i n t e d out by 
Peinberg (19 67) s and. the c a l c u l a t i o n s o f Lemke should be viewed w i t h a 
c r i t i c a l eye. 
b . ) Cerenkov r a d i a t i o n f rom a tach^on 
The d i scuss ion o f Cerenkov r a d i a t i o n f rom a tachyon given i n Appendix I 
i s p a r t i c u l a r l y concerned w i t h photon emission f r o m a vacuum. However, i n 
the absence o f r i g o r o u s c a l c u l a t i o n s f o r emiss ion and abso rp t ion o f 
Cerenkov r a d i a t i o n i n mat ter i t i s no t imposs ib le t h a t l a rge f l u x e s o f 
photons cou ld be produced and de tec t ed e i t h e r d i r e c t l y (as i n the case o f 
a p h o t o m u l t i p l i e r tube v i e w i n g a s c i n t i l l a t o r ) o r by p h o t o i o n i z a t i o n and 
subsequent m u l t i p l i c a t i v e knock-on processes (as i n the case o f a neon 
f l a s h - t u b e ) . T h i s cou ld s imu la t e a h i g h l y i o n i s i n g p a r t i c l e p a r t i c u l a r l y 
i n the f l a s h - t u b e chamber. 
5 . 2 P rev ious searches 
Searches f o r a h i g h l y i o n i s i n g component o f the sea l e v e l cosmic r a d i a t i o n 
have been ma in ly concerned w i t h the magnetic monopole. P r o d u c t i o n o f mono-
po les i n the atmosphere i s expected t o be s i m i l a r t o e l e c t r o n - p o s i t r o n 
p a i r p r o d u c t i o n (Ashton [ 1 9 7 3 ] ) . 
( 5 . 9 ) Y + P — > P + S + g 
( 5 . 1 0 ) p + p — > p + p + g + g 
where g and g are t h e magnetic monopole and antimonopole r e s p e c t i v e l y . 
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C a r r i t h e r s , S t e f a h s k i and A d a i r (1 966) u s ing a s o l e n o i d to c o l l e c t raonopoles 
t r a v e l l i n g a long the geomagnetic f i e l d l i n e s p u t an upper l i m i t on the f l u x 
-6 - 2 -1 
o f such monopoles o f 1 0 cm year 
—10 —2 —1 —1 
Ashton e t a l ( 1 9 6 9 ) measured a f l u x l i m i t l e ss than 1 . 3 . 1 0 cm 3 ' s t 
f o r p a r t i c l e s i o n i z i n g g rea te r than 2*000 t imes the r a t e o f s i n g l e p a r t i c l e 
muons. F l e i s c h e r e t a l ( l 9 7 l ) , u s i n g an 18 m area lexan polycarbonate 
2 
a r r a y found no event i o n i z i n g g r e a t e r than ( 1 3 7 ) t imes the r a t e o f a s i n g l y 
charged p a r t i c l e and g ive an upper l i m i t to the f l u x o f monopoles a t sea-
- 1 3 - 2 -1 -1 l e v e l o f 1 . 5 . 1 0 cm s s t • . 
Yock (1975) f ound no events i o n i j r l n g > 49 t imes the r a t e o f a s i n g l y charged 
p a r t i c l e and g ives an upper l i m i t t o the f l u x o f p a r t i c l e s w i t h Z > +7e a t 
_-| 0 - 2 -1 —1 - 2 
s e a - l e v e l as 7 . 10 cm sec s t - under 600 g.cm o f concre te - at the 
90$ conf idence l i m i t . 
Searches f o r magnetic monopoles produced a t a c c e l e r a t o r energies have y i e l d e d 
zero even t s . Amaldi ( 1 9 6 3 ) , P u r e e l l ( 1963) u s i n g a 30 GeV p r o t o n a c c e l e r a t o r 
2 
conclude t h a t the r e s t mass o f a monopole i s i n excess o f 2 . 8 CreV/c . 
Gurevich e t a l ( 1 9 7 2 ) a t 70 GeV f i n d s an upper l i m i t to the c ross s e c t i o n 
2 —2 3 2 f o r p roduc ing a monopole o f mass 4 . 9 GeV/c o f 1 .4 .10~ cm . 
More r e c e n t l y , G iacome l l i ( 1 9 7 5 ) u s ing the inc reased l a b o r a t o r y energy 
a v a i l a b l e f r o m the two c o l l i d i n g 30 GeV p r o t o n beams a t Cern-ISR has found 
an upper l i m i t t o the p r o d u c t i o n cross s e c t i o n o f a monopole o f mass 30 GeV 
—36 2 
o f 2 .10 cm a t the 90% conf idence l i m i t . 
The on ly search which has shown a p o s i t i v e r e s u l t has been a t h i g h a l t i t u d e 
i n the ba l l oon -bo rne experiment o f P r i c e e t a l ( 1 9 7 5 ) • They r e p o r t e d the 
passage o f a slow moving h i g h l y i o n i s i n g p a r t i c l e through a s t ack o f 
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Cerenkov d e t e c t o r f i l m s , emulsions and lexan sheets . The l a t t e r i n d i c a t e d 
t h a t the t r a c k was due e i t h e r t o a h i g h Z nucleus ( Z = 80) or a monopole w i t h 
magnetic charge I37e. The absence o f any Cerenkov s i g n a l combined w i t h the 
emulsion t r a c k i n d i c a t e d t h a t the monopole was moving downward w i t h v e l o c i t y 
~ 0 . 5 c . However Fowler (1975) a n d others have argued t h a t the r e s u l t i n g 
t r a c k i s not d i s s i m i l a r f r o m a h i g h Z nucleus which s u f f e r s p a r t i a l l y 
f r agmen t ing c o l l i s i o n s as i t passes through the s tack , and s ince the presence 
o f h igh Z n u c l e i i n the p r imary r a d i a t i o n i s a w e l l e s t a b l i s h e d f a c t , searche 
f o r monopoles a t low f l u x l e v e l s are b e t t e r performed a t sea l e v e l than h i g h 
a l t i t u d e . 
5 . 3 Experiment 
The experiment c o n s i s t s o f a more thorough a n a l y s i s o f p a r t o f the data 
c o l l e c t e d f o r the measurement o f the incoheren t sea l e v e l hadron spectrum 
(see Chapter 4 ) . The e s s e n t i a l f ea tu res o f the data are t h a t the t r i g g e r i n g 
l e v e l was a s i g n a l equ iva len t t o 500 p a r t i c l e s f r o m the s c i n t i l l a t o r e i t h e r 
under the l e a d o r under the i r o n (see Chapter 2 f o r a d e s c r i p t i o n o f the 
apparatus and Fig ,2 .2) ; the t ime delay between the d e t e c t i o n o f the t r i g g e r i n g 
s i g n a l and the a p p l i c a t i o n o f the h igh v o l t a g e pulse was 330 u s ; the data 
r e l e v a n t t o t h i s chapter was c o l l e c t e d between 1 9 . 7 . 74 and 1 0 . 4 . 75 
p r o v i d i n g t o t a l s e n s i t i v e t ime o f 4 ,500 hou r s . Table 5 .2 g ives a summary 
o f the bas ic data c o l l e c t i o n d e t a i l s . 
5 . 4 Data 
Th i s can be s u b - d i v i d e d i n t o 3 groups: 
a . ) Those b u r s t s which beg in i n the lead b u t a re absorbed i n the i r o n ; 
TABLE 5 . 2 Basic data c o l l e c t i o n d e t a i l s . 
Number o f bu r s t s i n Pb 299 
Number o f bu r s t s i n Pb which cont inue under Fe 115 
Number o f bu r s t s i n Fe 523 
S e n s i t i v e time 4,531 .25 h r s . 
Ape r tu r e f o r b u r s t s i n Pb 2 5 ,000 cm s t . 
A p e r t u r e f o r b u r s t s i n Pe 
2 
4 ,500 cm s t . 
Figure 5 „ 1 : A burst i n the l e a d that does not deTelop, but i s 
absorbed, i n the i r o n e 

Figure 5 „ 2 : A b u r s t i n the l e a d t h a t cont inues t o develop 
i n the i r o n . 

F i g u r e 5° 3 s Aburs t i n the i r o n t h a t shows no t r a c k i n F-fa o f t h e 
i n i t i a t i n g p a r t i c l e . T h i s i a because o f t h e l o n g 
t i m s - d e l a y ( 3 3 0 / i s ) between the passage o f t h e p a r t i c l e 
and the a p p l i c a t i o n o f the h igh v o l t a g e p u l s e e 
l i 
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b . ) Those b u r s t s which b e g i n i n the l e a d and develop i n the i r o n producing 
a b u r s t below b o t h l ead and i r o n ; 
c . ) Those b u r s t s which b e g i n i n the i r o n . 
T y p i c a l examples f rom each group are shown i n F i g s . 5*1 > 2, 3, the r e l a t i v e 
f r equenc ie s can be seen f r o m Table 5»2. 
The search f o r h i g h l y i o n i i i n g p a r t i c l e s concent ra tes on b u r s t s o f group c . ) 
wh ich are i n i t i a t e d i n the i r o n . A t a t ime d e l a y o f 330 us between the 
passage o f a r e l a t i v i s t i c chargee p a r t i c l e and and the a p p l i c a t i o n o f a h i g h 
vo l t age pulse to the f l a s h - t u b e s , n e a r l y a l l the i o n i s a d e l e c t r o n s have 
d i f f u s e d t o the w a l l s . C a l c u l a t i o n s show ( L l o y d [1960] , H o l r o y d [1 971 ] ) 
t h a t the e f f i c i e n c y o f a s tack o f f l a s h - t u b e s as used i n the chamber (commercial 
grade neon a t a pressure 60 t o r r ) i n d e t e c t i n g such a t r a c k should be o n l y - 6 % 
(see P i g . 5.4). 
Consequent ly , t h e r eg ion c o - l i n e a r w i t h the core o f the b u r s t f o r events o f 
group c . ) i n the s tack o f 8 l a y e r s i n PI a has been scanned f o r the presence 
o f 0, 1 , 2, 3 e t c . c o - l i n e a r f l a s h e s . A minimum chi -square f i t o f a b i n o m i a l 
d i s t r i b u t i o n to the measured d i s t r i b u t i o n o f e f f i c i e n c e s y i e l d e d a most 
probable e f f i c i e n c y o f 5.5% a t 5C7S s i g . l e v e l , exc lud ing a l l events o f group 
c . ) which c o u l d be due t o h i g h Z p a r t i c l e s , i . e . 1+ or more c o - l i n e a r f l a s h e s 
corresponding t o e f f i c i e n c i e s g r ea t e r than 5 „5% + 7cr. 
F i g . 5.5 shows the p r e d i c t e d and measured d i s t r i b u t i o n s f r o m a sample o f 200 
events f rom group c ) . A l so shown i n the f i g u r e i s the p o s s i b l e h i g h Z 
con tamina t ion conta ined i n t h i s sample. F i g s . 5 ,6,.7 are examples o f these 
h i g h Z cand ida te s , which should be compared w i t h P i g . 5«3 wh ich i s a t y p i c a l 
b u r s t i n Fe w i t h no f l a shes i n F1a. 
F i g u r e 5.4 The v a r i a t i o n o f i n t e r n a l e f f i c i e n c y o f a neon f l a s h 
tube 7^ w i t h the parameter a f q f o r a t i m e d e l a y o f 
330 ps ,where a f q = i n t e r n a l r a d i u s o f tube x p r o b a b i l i t y 
o f an i o n i s i n g c o l l i s i o n i n tube x number o f i o n i s i n g 
c r e a t e d per cm„ 
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F i g u r e 5«-5 Frequency d i s t r i b u t i o n f o r n o u t o f 8 l a y e r s f l a s h i n g 
on t h e passage o f a s i n g l e charge e pa r t i c l e - ,* Hfhe 
observed d i s t r i b u t i o n i s f r o m t h e sample o f 200 b u r s t s i n 
the i r o n observed between 19<> 7* 74 and 10„ 4„ 75 . 
The p r e d i c t e d : d i s t r i b u t i o n i s f r o m a minimum c l l i - s q u a r e d 
f i t t e d b i n o m i a l , d i s t r i b u t i o n t o the da t a e x c l u d i n g those 
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Figure 5.6: High Z candidate , event no. 62 on f i l m H36„ 

Figure 5.7s High Z cand ida te , event no„ 11 on f i l m H90 ( i l ) „ 
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Figure 5<>8 a) Sketches of the high z candidates 
( i ) i s event no*. 39 on f i l m H43 
( i i i ) i s event no, 52 on f i l m H36 
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Figure- 5,8 t>) Sketches of the high 2 candidates z-
( i ) i s event n o . i l on f i l m H83 
( i i ) i s event no. i 4 on? f i l m H83 
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Figure 5»8 c) Sketches of the high 2 candidates i -
('ii) i s event no.13 on f i lm H90(l i) 


















A l l the p o s s i b l e h i g h Z candida tes are sketched i n F i g s . 5 .8a), b ) , c ) and 
Table 5«3 l i s t s t h e i r measured parameters. E s s e n t i a l l y Table 5<>3 i n d i c a t e s 
t h a t 
a , ) None o f the events produced a measurable s i g n a l , equ iva l en t t o 3 or 
more p a r t i c l e s , i n the l i q u i d s c i n t i l l a t o r above the l e a d . T h i s i m p l i e s 
t h a t these anomolous events have t h e i r o r i g i n i n some i n t e r a c t i o n which 
takes place e i t h e r i n the l ead or the p l a s t i c s c i n t i l l a t o r under the l e a d . 
b „ ) The m a j o r i t y o f these events occur i n the r e g i o n o f the t r i g g e r i n g 
t h r e s h o l d ( e q u i v a l e n t t o 500 p a r t i c l e s e i t h e r under the l e a d or under the 
i r o n ) . Since a b u r s t s ize o f n p a r t i c l e s under the lead or the i r o n 
corresponds t o a l a b o r a t o r y energy o f the i n i t i a t i n g hadron^SOO GeV (see 
Chapter 2 ) , un less such events are due t o an e x o t i c component o f the cosmic 
r a d i a t i o n , they should be observed i n accelerator" exper iments . 
c . ) I f these events are due t o h i g h Z p a r t i c l e s which have e i t h e r missed the 
l i q u i d s c i n t i l l a t o r ( u n l i k e l y ) or have been produced i n the l e a d , then t a k i n g 
an average over a l l the observed e f f i c i e n c i e s y i e l d s a mean Z o f (15 - 5 ) e . 
I t should be p o i n t e d out too t h a t the c lose agreement between the s i g n a l 
produced i n the s c i n t i l l a t o r under the l ead and the s i g n a l produced i n the 
f l a s h - t u b e i n d i c a t e s t ha t we a r e probably seeinginthe f l a s h - t u b e s the whole 
component o f the event r e s p o n s i b l e f o r the s i g n a l produced i n the s c i n t i l l a t o r 
(see b e l o t f ) . 
• 5<>5 P o s s i b l e a l t e r n a t i v e exp lana t ions 
I f we r e j e c t the hypothes is t h a t these anoraolous events are due to h i g h Z 
p a r t i c l e s , the a l t e r n a t i v e exp lana t ions t h a t present themselves can be 
c l a s s i f i e d i n t o two types :•= 
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i . ) Spur ious e f f e c t s o f a normal i . e . charge e p a r t i c l e . Such p o s s i b i l i t i e s 
are a slow p ro ton back s ca t t e r ed f r o m the i r o n , a r es idue o f slow h i g h l y 
i o n i i n g knock-on e l e c t r o n s f rom the i n i t i a t i n g hadron , a background 
muon wh ich a r r i v e s w i t h i n 100 ps p r i o r t o the a p p l i c a t i o n o f the h i g h 
v o l t a g e pulse e t c . 
i i . ) A b u r s t o f type b . ) wh ich a c t u a l l y beg ins i n the l ead and develops 
f u r t h e r i n the i r o n . The b u r s t must be c o l l i m a t e d s t r o n g l y to produce 
an image which s imula tes a h i g h Z p a r t i c l e . Such an event cou ld be due 
t o a v e r y young shower, i n i t i a t e d a t the bottom o f the l e a d ; or an 
o l d e r shower where the e - y shower produced e l e c t r o n s have become 
w i d e l y d ispersed and we are seeing the e f f e c t s o f a f l u c t u a t i o n t o 
l a r g e m u l t i p l i c i t y o f the p i o n i s a t i o n component; or a f i r e b a l l type o f 
i n t e r a c t i o n where the f i r e b a l l i s produced w i t h h igh f o r w a r d y i n ^ n e 
c e n t r e o f mass frame thus c o l l i m a t i n g the subsequent e l e c t r o n - photon 
shower. 
Causes o f type i . ) can be assessed acco rd ing to whether or no t they c o u l d 
produce the s o r t o f e f f i c i e n c i e s observed and the p r o b a b i l i t y t h a t such an 
event c o u l d take p l ace . The l a t t e r f i g u r e has been assessed accord ing t o 
b o t h obse rva t ion - as i n the case o f a back s c a t t e r e d p ro ton where no events 
w i t h a h i g h e f f i c i e n c y t r a c k c o i n c i d e n t b u t no t p a r a l l e l w i t h the b u r s t was 
seen - and the p r o b a b i l i t y o f f l u c t u a t i o n s ( a c c o r d i n g t o a random d i s t r i b u t i o n 
about the t y p i c a l e f f i c i e n c y ) . The d i f f e r e n t p o s s i b i l i t i e s ajid t h e i r r e s p e c t i v e 
p r o b a b i l i t i e s are l i s t e d i n Table 5.4. 
Causes o f type i i . ) r e q u i r e f u r t h e r ana ly s i s o f the d e t a i l s o f b u r s t s o f group 
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5.6 The w i d t h o f nuc lea r -e l ec t romagne t i c b u r s t s 
The p r o d u c t i o n o f a shower o f e l e c t rons (and p ro tons ) below e i t h e r the l e a d 
or the i r o n i n d i c a t e s t h a t a nuc lea r i n t e r a c t i o n has taken p lace between an 
incoming hadron and a t a r g e t nucleus : 
(5.11) e i t h e r p + p—>p + n^ TT + n^Vl + n^TT + p 
(5.12) or TT + p—>p + n ^Tl* + n ^Jl + n ' ^ T C 0 
One o ther p o s s i b i l i t y i s the breross t rebl ing o f a muon i n the e l e c t r i c f i e l d 
o f a t a r g e t nucleus i . e . 
(5.13) U + Z - S - U + Z + Y 
A t h igh energies bremsstrshlung dominates d i r e c t p a i r p r o d u c t i o n and knock on 
e l e c t r o n p r e d i c t i o n . I f we o n l y concern ourse lves w i t h b u r s t s >500 p a r t i c l e s 
(cor responding t o a p r imary energy ~500 GeV) then the percentage o f bu r s t s 
t h a t are due t o muon i n t e r a c t i o n s i s ~1 Ofo (Sa leh [ l 975] , F i g . 6.15). Hence, 
we need on ly cons ide r the hadron induced cascades. The charged pions 
produced may go on t o i n t e r a c t again (as i n equat ion 5-1 2) o r leave the t a r g e t 
w i t h o u t i n t e r a c t i n g . The n e u t r a l p ions , however, decay immedia te ly ( t — 10 - 1 ^ 
sec., hence d i s t ance t r a v e l l e d b e f o r e decay f o r a 500 GeV TT°=30 nm) v i a an 
e lec t romagnet ic decay:-
(5.14) T X ° - > Y + Y 
and t h e shower then proceeds t o develop v i a the processes 
(5«15) Y ~* e + + © 5 ( p a i r p r o d u c t i o n ) 
(5«16) y + e—*Y + e J (Oompton s c a t t e r i n g ) 
(5=17) e + Y ~ * e ~ + Y -: ( i * 1 ^ 1 " 5 6 Compton s c a t t e r i n g ) 
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(5.18) e + + e — ^ . - y + Y ; ( e l e c t r o n p o s i t r o n a n n i h i l a t i o n ) 
The c a l c u l a t i o n s which g ive the average number o f e l ec t rons l e a v i n g the 
t a r g e t f o r a g iven p r i m a r y hadron energy are more tho rough ly discussed i n 
Chapter 2. 
C l e a r l y , the stage o f development o f the shower when i t leaves the t a r g e t 
depends on where i n the t a r g e t the b u r s t o r i g i n a t e d . For a pure e - y 
shower ( i n i t i a t e d by e i t h e r an e l e c t r o n or a photon) the age o f the shower 
s i s g iven by (Nishimura &> Kamata [1958]). 
(5.19) 3 -s = 
t + 2 l n ( E Q ) + 21nr 
& o 
where t i s the depth i n r a d n . lengths th rough which the shov/er has developed 
and E o i s the energy o f the p r imary e l e c t r o n / p h o t o n . S i m i l a r l y the w i d t h o f 
the shower can be c a l c u l a t e d f r o m the l a t e r a l d i s t r i b u t i o n o f e l ec t rons i n 
the shower (Nishimura & Kamata [ i b i d ] ) ( and Greisen [ l956]) . 
(5.20) * ( £ - ) . . 
where r i s measured i n M o l i e r e u n i t s ( r , ) . 
1 
By i n t e g r a t i n g along s t r i p s corresponding t o the w i d t h o f a f l a s h - t u b e we 
can c a l c u l a t e the percentage o f e l ec t rons w h i c h should f a l l w i t h i n 1 , 2 , 3 
e t c . tube w i d t h s o f the cen t r e o f the shower, i . e . 
oo oo 
(5.21) P(H) = f 2 [ T r A ( r ) d r - 4 T r A ( r ) s i n " 1 ( | ) d r ; 
where P(R) = f r a c t i o n wh ich f a l l ou ts ide a s t r i p w i d t h 2R 
F i g . 5.9 shows the r e s u l t s o f such a c a l c u l a t i o n f o r v a r i o u s values o f s. 
Knowing the e f f i c i e n c y o f the f l a s h - t u b e a t 330 us i t i s a s imple s tep t o 
Figure 5*9 The fraction: of an electromagnetic shower which f a l l s 
outside a' s t r i p of width 2R Mbliera^ units for di f ferent 
values of the age-parameter s of the shower,, 
Guartre m i s f or m x Q«, 25; - s„ 
Alternative va>lues of 2R'in. tuh.e-widths are indicated 
along: the top of the figure,, 
Calculated 1 according to equation 5»2i» 
F I G . 5-9 
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Figures 5.4.0 and 5 „ i i 
The number of tubec out of eight layers withim — n/2 
tubewidths of the' core- of an electromagnetic shower 
that would- f lash' at, 330 p.n time delay as a function; of 
burst; sisse and age parameter s of the shower* 
s n tube-w i d t h s 
F r a c t i o n o f 
shower which 
f a l l s ou t s ide 
n tube -wid ths 
Number o f t ubes f l a s h e d out o f e i g h t w i t h i n + Xi/2 
tube wid ths o f core 
250 500 750 1000 2000 3000 4000 5000 Burs S ize 
0.125 1 4.8 10"3 6 7 8 8 8 8 8 8 
3 2.8 10~ 4 0 0 0 0 0 1+0 1+0 1+0 
5 5.4 10"' 0 0 0 0 0 0 0 0 
7 1 .7 1 O - 5 0 0 0 0 0 0 0 0 
9 6.2 10 ' 6 0 0 0 0 0 0 0 0 
11 2.4 10~ 6 0 0 0 0 0 0 0 0 
0.25 1 -2 1 .1 10 6 7 8 8 8 8 8 8 
3 8.5 10" 4 0 0 0 0 1+0 1+1 1+2 1+2 
5 1.7 10~Z| 0 0 0 0 0 0 0 0 
7 5.6 10"5 0 0 0 0 0 0 0 0 
9 2.3 10"5 0 0 0 0 0 0 0 0 
11 9.5 10"6 0 0 0 0 0 0 0 0 
0.375 1 2.3 10"2 6 7 8 8 8 8 8 8 
3 2„2 10"3 0 0 0 1+0 1+1 2+1 2+2 3+3 
5 5 10"Z| 0 0 0 0 0 0 0 0 
. .. 
7 1 .8 10~ k 0 0 0 0 0 0 0 0 
9 7.7 10"5 0 0 0 0 0 0 0 0 
11 3.2 10 - 0 0 0 0 0 0 0 0 
0.5 1 4.6 10' 2 6 7 8 8 8 8 8 8 
3 -3 6 1 0 ' 
0 1+0 1 + 1 1+2 2+2 3+3 4+3 4+4 
5 1.3 10"3 0 0 0 0 0 0 1+0 1+1 
7 4.9 1 0 - 4 0 0 0 0 0 0 0 0 
9 2.3 10~Z|" 0 0 0 0 0 0 0 0 
11 
_ i , 
1 .1 10 s 0 0 0 0 0 0 0 ! 0 




w i d t h s 
F r a c t i o n o f 
shower which 
f a l l s ou t s ide 
n t ube -wid ths 
Number o f tubes f l a s h e d out o f e i g h t w i t h i n + n / 2 
tube w i d t h s o f core 
250 500 750 1000 2000 3000 4000 5000 B u r s t Size 
0&5 1 7.5 10"2 6 7 7 8 8 8 8 8 
3 9.6 10~3 1+0 1+1 1+2 2+2 3+3 4+4 5+5 5+6 
5 2.65 10"3 0 0 0 0 0 1+0 1 + 0 1+1 
7 1.12 1 0~ 3 0 0 0 0 0 0 0 0 
9 5.8 ^o'll 0 0 0 0 0 0 0 0 
11 3.8 l O - ' 1 " 0 0 0 0 0 0 0 0 
0.75 1 1 .1 10 _ i 6 7 7 8 8 8 8 8 
3 1 .7 10~ 2 1+0 1+2 2+2 2+3 4+4 5+5 6+6 6+7 
5 5.2 10"3 0 0 0 0 1+0 1+1 1+1 1 + 2 
7 2.4 10~ 3 0 0 0 0 0 0 0 0 
9 1 .27 10 " 0 0 0 0 0 0 0 0 
11 7.6 10"^ 0 0 0 0 0 0 0 0 
0.875 1 1 .6 10~1 6 7 7 8 8 8 8 8 
3 2.8 10"2 1+1 1+2 2+2 2+4 5+5 6+6 6+7 7+7 
5 9.5 10"3 0 0 0 0 1+1 1 + 2 1+3 2+3 
7 4.8 10"3 0 0 0 0 0 0 0 1+0 
9 2.7 10~ 3 0 0 0 0 0 0 0 0 
11 1 .7 1 0"3 0 0 0 0 0 0 0 0 
1 1 2.1 10~1 6 7 7 8 8 8 8 8 
3 4.4 1 0~ 2 1+1 2+2 2+4 3+4 5+6 6+7 7+7 7+7 
5 1 .7 10~ 2 0 0 0 1+0 1+2 1+3 3+2 2+4 
7 9 10"3 0 0 0 0 0 1+0 1+1 1+1 
9 4.2 10~3 0 0 0 0 0 0 0 0 
11 3.6 10~3 0 0 0 0 0 0 0 0 
FIGS 5.10. 5.11 
s n t u b e -w i d t h s 
F r a c t i o n o f 
shower wh ich 
f a l l s ou t s ide 
n tube -wid ths 
Number o f tubes f l a s h e d out o f e igh t w i t h i n i n / 2 
tube w i d t h s o f core 
250 500 750 1000 2000 3000 4000 5000 Burs Size 
1.125 1 2.8 1CT1 5 7 7 7 8 8 8 8 
3 -2 7 10 1+2 2+3 3+5 4+5 5+7 7+7 7+7 7+8 
5 
-2 
3 1 0 0 1+0 1+1 1+1 2+2 3+3 3+4 4+4 
7 1.7 1 0 - 2 0 0 0 0 1+0 1+1 1 + 2 1 + 2 
9 1.09 1 0 - 2 0 0 0 0 0 0 1+0 1+1 
11 7.4 10~ 3 0 0 0 0 0 0 0 0 
1 .25 1 3.6 10**1 5 6 7 7 8 8 8 8 
3 1.1 10~1 1+2 2+4 3+5 4+5 6+7 7+7 7+8 7+3 
5 6 10~ 2 0 1+0 1+1 1+2 2+3 3+4 4+4 4+5 
7 -2 3 10 0 0 1+0 1+1 1+2 1+3 2+3 2+4 
9 -2 2 10 0 0 0 0 1+0 1+1 1+1 
1+2 
11 1 .36 10"2 0 0 0 0 0 1+0 1+0 1+1 
1.375 1 4.5 10~1 5 6 7 7 8 8 8 3 
3 1.53 10"1 2+2 3+4 4+5 4+6 6+7 7+7 7+8 8+8 
5 8 10~ 2 0 1+1 1+2 1+3 3+4 5+5 5+5 5+6 
7 5.2 10~ 2 0 0 1+0 1+0 1+2 1+3 2+3 3+4 
9 3.5 10" 2 0 0 0 0 1+1 1+2 2+2 2+2 
11 2.6 10" 2 0 0 0 0 0 1+0 1+1 1+1 
1.5 1 5.2 10~1 4 6 7 7 8 8 8 8 
3 2.1 10 _ 1 2+2 3+4 4+5 5+6 7+7 8+7 8+7 3+3 
5 1 .2 10 _ 1 1+0 1+1 2+2 2+3 4+4 4+6 5+6 5+7 
7 8.2 10"2 0 0 1+0 1+1 1+3 3+3 3+4 4+4 
9 
_2 
6 10 0 0 
0 1+0 1+1 1+2 2+2 3+3 
11 4.4 10"2 0 0 0 1+0 1+1 1+3 2+3 3+3 
FIGS 5.10, 5.11 
s n tube-w i d t h s 
F r a c t i o n o f 
shower which 
f a l l s ou t s ide 
n tube-wid ths 
Number o f tubes f l a s h e d out c f e i g h t w i t h i n ± n / 2 
tube wid ths o f core 
250 500 750 1000 2000 3000 4000 5000 Bur S iz 
1.75 1 6.6 10 - 1 3 5 b 7 7 8 8 8 
3 3.7 10~1 2+2 3+4 4+5 5+5 6+7 7+7 7+8 8+8 
5 2.5 10 _ 1 1+1 1+2 2+3 2+4 4+5 5+6 5+7 6+7 
7 1 .9 10"1 0 1+1 1+1 1+2 2+4 4+4 4+5 5+5 
9 1 .53 10"1 0 0 1 + 0 1+1 2+2 3+3 3+4 4+4 
11 1 .1 1 o"1 0 0 1+1 1+1 2+2 3+3 4+4 4+5 
FIGS 5.10, 5.11 
/ 
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conve r t these f i g u r e s i n t o the number o f f l a s h - t u b e s f l a s h e d i n a s t ack o f 
o f 8 l aye r s (P1a) w i t h i n 1 , 2 , 3 e t c . tube w i d t h s f r o m the cen t r e o f the 
b u r s t f o r v a r i o u s b u r s t s i z e s . Such b u r s t p r o f i l e c a l c u l a t i o n s are 
summarised i n F i g s . 5.10 and 5.11 b u t a f i r s t g lance a t F i g . 5.9 i n d i c a t e s 
t h a t the r e g i o n where JOfo o f the e l ec t rons are found i s w i t h i n ±1 M o l i e r e 
u n i t s o f the cen t re o f the shower. 
Consequently each b u r s t has been scanned (on a sca le 1:20 to r e a l space) 
and the number o f f l a s h e s w i t h i n +0.5 cm (on the scanning t a b l e ) cor responding 
t o ±6.25 M o l i e r e u n i t s i n r e a l space counted. F i g s . 5.1 2a), 5.13a) 5.14a) 
show the r e s u l t i n g s c a t t e r p l o t s f o r bu r s t s o f type a, b , c r e s p e c t i v e l y . 
F i g s . 5.12b), 5.13b) 5.14b) are average values d e r i v e d f rom the s c a t t e r 
diagrams w i t h the p r e d i c t i o n s f rom Nishimura - Kamata theory p l o t t e d f o r 
comparison. 
F i g . 5.12b) i n d i c a t e s t ha t the data bes t f i t an average age parameter 
s-^1.1 t o 1.25 ( i . e . s l i g h t l y g r e a t e r than one ) . 
F i g . 5.13b) i n d i c a t e s t h a t those b u r s t s which o r i g i n a t e i n the l ead b u t 
cont inue under the i r o n are bes t f i t t e d w i t h a younger age parameter s~1 „0 
t o 1 . 1 . Th i s wou ld be expected s ince t h i s s e c t i o n o f the data must s e l e c t 
those showers which are youngest i n order t h a t they w i l l con t inue through 
the i r o n w i t h o u t b e i n g absorbed. 
F i g . 5.14b) i n d i c a t e s t h a t these b u r s t s which o r i g i n a t e i n the i r o n are bes t 
f i t t e d w i t h an age parameter s^0.8 t o 1 f o r b u r s t s < 2000 p a r t i c l e s , bu t the 
l a r g e r bu r s t s seem to have a much l a r g e r age parameter - 1 . 5 . 
I t i s i n t e r e s t i n g to compare t h e r e s u l t s w i t h the work o f p rev ious authors 
a t smal le r t ime delays ( e . g . Coats [ l 967], Cooper [1974]). I n these cases 
the measured b u r s t w i d t h s were cons ide rab ly w i d e r than the p r e d i c t i o n s o f 
F i g u r e 5 o i 2 a ) S c a t t e r p l o t o f the "burst s i z e - n o , o f f l a s h e s 
4-
w i t h m - Oe.5 erase oni scanning-sheet r e l a t i o n s h i p 
f o r h u r s t s t h a t o r i g i n a t e i n : the l e a d : but; do not: 
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F i g u r e 5<ri2t>) Averaged v a l u e s o f t h e "burst s i z e - no c o f f l a s h e s 
w i t h i n - 0„5 cms, o f shower-core (on scanning—sheet; 
r e l a t i o n s h i p compared w i t h t h e p r e d i c t i o n s o f 
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theory, and the reason supposed to be the presence of l a r g e angle s c a t t e r e d 
e l e c t r o n s (Nishimura - Kamata theory i s based on the small angle of s c a t t e r i n g 
approximation, tan&-&). The present work goes some way t o j u s t i f y t h i s 
e x p l a n a t i o n since a t long time delay the few s i n g l y (and t h e r e f o r e wide angled) 
s c a t t e r e d e l e c t r o n s should be undetectable, and hence Nishimura - Kamata 
theory should be a p p l i c a b l e . I t i s i n t e r e s t i n g t o observe t h a t although the 
a c t u a l b u r s t s are nuclear-electromagnetic, pure electromagnetic shower theory 
i s s u f f i c i e n t t o describe the b u r s t w i d t h data. Hence any broadening due t o 
the nuc l e a r i n t e r a c t i o n s must be swamped by electromagnetic broadening o f the 
subsequent e l e c t r o n - photon shower. I t i s not c l e a r , however, whether any 
narrowing due to the n u c l e a r i n t e r a c t i o n s would be l i k e w i s e swamped, so i n 
order t o i n v e s t i g a t e f u r t h e r the o r i g i n s o f these anomolous "High Z" events 
the broadening due t o the nuclear i n t e r a c t i o n must be considered. 
I n Appendix I I I i t i s argued t h a t , i f we assume t h a t pions are emitted 
i s o t r o p i c a l l y i n the c e n t r e o f mass system, the r a t i o 
P _ number of flashes beyond ±1 .5 tube w i d t h s from core 
number of flashes w i t h i n +1 .5 tube w i d t h s from core 
roughly represents the r a t i o o f the number o f n e u t r a l pions e m i t t e d i n the 
backward cone to the number of n e u t r a l pions emitted i n the forward cone 
f o r young showers ( s ~ l ) . I assume t h a t t h i s d i s t r i b u t i o n should be f i t t e d 
by a s u i t a b l y binned binominal d i s t r i b u t i o n of the form ( p + q ) n where 
p = p r o b a b i l i t y of a f t 0 r e s i d i n g i n f o r w a r d cone = ^ ; q = p r o b a b i l i t y of a 
Tf ° r e s i d i n g i n backward cone = n = number ofTY's a v a i l a b l e ( n = A®°,^ 
(2.9 l o g E + 0o03E 2 ) ) . (Feinberg [1972]). F i g s . 5.15a) and 5.15b) are 
the e x p e r i m e n t a l l y determined d i s t r i b u t i o n s f o r showers which begin i n the 
lead and e i t h e r continue under or are absorbed i n the i r o n r e s p e c t i v e l y . 
F i g u r e 5»l5&) Comparison o f measured— ^ r a^and p r e d i c t e d - " — 
d i s t r i b u t i o n o f R where 
R „ foo'tfti number o f f l a s h e s o u t s i d e c e n t r a l 3 t u b e w i d t h s 
T o t a l number o f f l a s h e s w i t h i n o e n t r a l 3 t u b e w i d t h s 
f o r b u r s t s which begin i n t h e l e a d and continue beneath 
the i r o n . 
The diagram i n d i c a t e s how these r e g i o n s correspond 
t o t h e f o r w a r d and' backward r e g i o n s o f t h e n u c l e a r -
e l e c t r o m a g n e t i c b u r s t s . 
The measured d i s t r i b u t i o n i s f o r a l l b u r s t s i n t h e 





S i s i S uiiiSa . -.- *a^3 
rn <3 CM I , LTI 
m ro CD 












,1, I I i A 
cm CO CD 
sjuaA^ J.0 *0[sl 
F i g u r e 5.15b) As f o r F i g . 5«15a) but f o r b u r s t s t h a t begin i n 

















JL i r 1 1 1 1 1 1—T f 1 r 
0-4 0-8 1-2 1-6 20 2-4 2-8 3-2 3-6 4-0 4-4 4-8 
R 
- 76 -
I n c l u d e d i n 5 » 1 5 a ) a r e t h e anomolous e v e n t s ( h i g h Z c a n d i d a t e s ) and t h e y 
c l e a r l y show a s i g n i f i c a n t d e p a r t u r e f r o m smooth b e h a v i o u r . 
C l e a r l y , t hese e v e n t s , i f t h e y a r e b u r s t s , a r e n o t t h e r e s u l t o f an e x t r e m e 
f l u c t u a t i o n f r o m n o r m a l b e h a v i o u r , e . g . v e r y y o u n g showers w h i c h have begun 
a t t h e b o t t o m o f t h e l e a d and a r e p r o d u c e d b y a f l u c t u a t i o n t o a l a r g e v a l u e 
o f n ^ ( o r n ^ ) i n e q u a t i o n 5.11 ( 5 . 1 2 ) , s i n c e a l l e x p e r i m e n t a l measurements 
o f d i s t r i b u t i o n s i n m u l t i p l i c i t y , c h a r g e d t o n e u t r a l r a t i o s e t c . i n 
a c c e l e r a t o r w o r k show smooth b e h a v i o u r ( s e e f o r example J . 'Yh i tmore [ 1 9 7 4 ] ) . 
One p o s s i b l e e x p l a n a t i o n i s t h a t we a r e s e e i n g n o t one d i s t r i b u t i o n b u t two 
( p o s s i b l y t h r e e ) , t h e m a j o r i t y o f e v e n t s a p p e a r t o be due t o i s o t r o p i c 
e m i s s i o n f r o m a c e n t r e a t r e s t i n t h e c e n t r e o f mass s y s t e m , b u t v e r y n a r r o w 
b u r s t s c o u l d b e p a r t o f a d i s t r i b u t i o n due t o e m i s s i o n f r o m a c e n t r e m o v i n g 
f o r w a r d i n t h e c e n t r e o f mass s y s t e m , a f i r e b a l l . One w o u l d e x p e c t t h e r e t o 
be a d i s t r i b u t i o n due t o e m i s s i o n f r o m a b a c k w a r d m o v i n g f i r e b a l l as w e l l , 
b u t t h i s w o u l d o n l y show u p as a b r o a d e n i n g e f f e c t - p r o d u c i n g s l i g h t l y 
l a r g e r t h a n u n i t y v a l u e f o r t h e peak o f t h e d i s t r i b u t i o n i n F i g . 5 . 1 5 a ) . 
I n a r e v i e w o f o b s e r v a t i o n s o f cosmic r a y p r o d u c e d i n t e r a c t i o n s , E . L . F e i n b e r g 
(1972) p o i n t s o u t t h a t i n t h i s ene rgy r a n g e (500 - 1000 GeV) $Ofo o f t h e e v e n t s 
can be a t t r i b u t e d t o e m i s s i o n f r o m a s i n g l e f i r e b a l l w i t h L o r e n t z f a c t o r ^ ~ 1 .2 
i n t h e c e n t r e o f mass f r a m e . 
I n A p p e n d i x I V t h e r e i s a d e r i v a t i o n o f t h e v a l u e o f y r e q u i r e d t o 
' c m . 
s i m u l a t e a h i g h Z p a r t i c l e ( i . e . t h a t a l l t h e p i o n s a r e e m i t t e d w i t h an 
a n g u l a r s p r e a d l e s s t h a n t h e w i d t h o f one t u b e , a s suming t h e r e i s no 
s i g n i f i c a n t b r o a d e n i n g , because o f t h e h i g h e n e r g i e s i n v o l v e d , due t o s c a t -
t e r i n g o f t h e subsequent e l e c t r o n - p h o t o n s h o w e r ) . The c o n c l u s i o n i s t h a t 
t hese e v e n t s c o u l d be due t o e m i s s i o n f r o m a f a s t f o r w a r d m o v i n g f i r e b a l l 
= 7 7 -
w i t h s { ^ 3 i n t h e c e n t r e o f mass f r a m e . A c c o r d i n g t o Jabs (1 9 7 5 ) , a f i r e b a l l 
p r o d u c e d a t s u c h a h i g h v e l o c i t y i s p r o b a b l y due t o t h e f r a g m e n t a t i o n o r 
l e a d i n g i s o b a r component r a t h e r t h a n t h e p i o n i s a t i o n componen t . T h i s i s 
p u z z l i n g because t h e l e a d i n g i s o b a r i s g e n e r a l l y r e g a r d e d as an e x c i t e d 
n u c l e o n w h i c h e m i t s p i o n s as i t decays b a c k t o t h e g r o u n d s t a t e . However , 
t h e p i o n i s a t i o n component i s t h e one r e s p o n s i b l e f o r t h e subsequen t e l e c t r o n -
p h o t o n s h o w e r , s i n c e t h i s i s w h e r e t h e h i g h m u l t i p l i c i t y o f p i o n s o r i g i n a t e s , 
so we w o u l d n o t e x p e c t t o see any n a r r o w i n g e f f e c t s on t h e shower due t o t h e 
i s o b a r f i r e b a l l . 
5 .7 C o n c l u s i o n s 
The l a c k o f r e s p o n s e f r o m t h e l i q u i d s c i n t i l l a t o r above t h e l e a d w o u l d 
i n d i c a t e t h a t t h e s p e c i a l e v e n t s o r i g i n a t e i n some i n t e r a c t i o n w i t h t h e l e a d . 
No e v i d e n c e f o r t h e o b s e r v a t i o n o f a h i g h l y i o n i s i n g component o f t h e cosmic 
r a d i a t i o n a t s e a - l e v e l was o b s e r v e d . Assuming an i s o t r o p i c d i s t r i b u t i o n 
t h i s means t h a t t h e uppe r l i m i t on t h e f l u x o f h i g h Z p a r t i c l e s a t s e a - l e v e l 
a t t h e 90^ c o n f i d e n c e l i m i t i s 2 .3 .10~^ cm~ 2 s t~ ' 1 s e c - 1 . 
A p o s s i b l e h i g h Z p a r t i c l e t h a t m i g h t be p r o d u c e d i n l e a d w o u l d be t h e new 
c l a s s o f h a d r o n s p r e d i c t e d b y Y o c k , b u t t h e s e s h o u l d have been d e t e c t e d i n 
a c c e l e r a t o r e x p e r i m e n t s ( t h e r e m i g h t be s i m i l a r p r o b l e m s o f i d e n t i f i c a t i o n 
howeve r ) s i n c e t h e p r o d u c t i o n t h r e s h o l d i s o n l y - 5 0 0 GeV. 
I f t h e anomolous e v e n t s a r e f a s t f i r e b a l l s , t h e n c u r r e n t i d e a s o f f i r e b a l l 
models must b e m o d i f i e d t o accommodate p i o n i s a t i o n f i r e b a l l s w i t h y > 3 . 
1 c m , 
One p o s s i b l e m o d i f i c a t i o n t h a t w o u l d enab le t h e q u e s t i o n as t o w h e t h e r o r n o t 
t h e s e e v e n t s c o u l d be h i g h Z p a r t i c l e s w o u l d be t o c o n s t r u c t a c a l o r i m e t e r 
t y p e o f a p p a r a t u s , where t h e t a r g e t i s i n t e r s p e r s e d a t d i s t a n c e s ~ 1 r . 1 . w i t h 
f l a s h - t u b e s so t h a t shower d e v e l o p m e n t can be i d e n t i f i e d . 
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CHAPTER 6 
T H E A I R - S H O W E R A R R A Y 
A N D 
F L A S H - T U B E C H A M B E R 
6.1 The Durham E x t e n s i v e A i r Shower A r r a y ( D . A . S . A . ) 
6.1 .1 I n t r o d u c t i o n 
D . A . S . A . was b u i l t i n t h e p e r i o d 1973 - 1976 on t h e Durham U n i v e r s i t y -
S c i e n c e S i t e b y members o f t h e M . A . R . S . r e s e a r c h g r o u p u n d e r t h e s u p e r v i s i o n 
o f D r . M . G. Thompson. 
The a r r a y ( s e e P i g . 6.1 ) i s b a s e d on two t r i a n g u l a r n e t w o r k s f o r e f f i c i e n t 
t r i g g e r i n g , w i t h v a r i o u s i n t e r v e n i n g d e t e c t o r s f o r i m p r o v e d d e n s i t y s a m p l i n g . 
The s i t u a t i o n i s as c l o s e l y a s p o s s i b l e s y m m e t r i c a b o u t t h e two p r e v i o u s l y i n -
dependent c o s m i c r a y d e t e c t i n g i n s t r u m e n t s a l r e a d y i n e x i s t e n c e , t h e neon 
f l a s h - t u b e chamber and a muon s p e c t r o g r a p h ( M . A . R . S . ) ( t h e l a t t e r has now 
been d i s m a n t l e d ) . 
The d i m e n s i o n s o f t h e a r r a y make i t most s e n s i t i v e t o a i r shov/ers i n t h e 
5 7 
r ange 10 t o 1 0 p a r t i c l e s , showers w h i c h come f r o m p r i m a r i e s w h i c h a r e i n 
t h e " k i n k " r e g i o n o f t h e e n e r g y - s p e c t r u m . 
A l l o f t h e a r r a y d e t e c t o r s a r e p l a s t i c s c i n t i l l a t o r s , f o u r t e e n i n a l l . 
Each d e t e c t o r i s v i e w e d b y s e v e r a l p h o t o m u l t i p l i e r t ubes t o r e c o r d t h e 
p a r t i c l e d e n s i t y , a n d , on seven o f t h e d e t e c t o r s i s a. p h o t o m u l t i p l i e r t u b e 
t h a t i s u s e d f o r f a s t t i m i n g measurements . F o u r s i z e s o f s c i n t i l l a t o r a r e 
2 
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n e t w o r k s , a n d p r o v i d e ( w i t h t h e 0.75 ni c e n t r a l d e t e c t o r C) t r i g g e r i n g , 
f a s t t i m i n g and d e n s i t y p u l s e s . 
6.1.2 The c e n t r a l d e t e c t o r C 
T h i s d e t e c t o r i s s i t u a t e d on t h e r o o f o f t h e l a b o r a t o r y c o n t a i n i n g t h e 
f l a s h - t u b e chamber a t t h e c e n t r e o f t h e a i r - s h o w e r a r r a y . I t has 
2 
g e o m e t r i c a l a r e a 0.75 m made up o f two i d e n t i c a l 5 cm t h i c k s l a b s o f 
NE102A p l a s t i c s c i n t i l l a t o r each v i e w e d b y t w o P h i l i p s 53AVP p h o t o m u l t i p l i e r s 
v i a p e r s p e x l i g h t g u i d e s . A t t a c h e d t o one o f t h e l i g h t g u i d e s on each h a l f 
i s a P h i l i p s 56AVP p h o t o m u l t i p l i e r w h i c h s u p p l i e s t h e t i m i n g p u l s e t o w h i c h 
a l l o f t h e o t h e r t i m i n g p u l s e s a r e r e f e r r e d ( s e e P i g . 6 .2a) ) . 
2 
6.1 .3 The 2.0 m d e t e c t o r s 
2 
T h e r e a r e s i x 2.0 m d e t e c t o r s f o r m i n g t h e backbone o f t h e a i r - s h o w e r a r r a y , 
t h e y a r e u s e d i n c o i n c i d e n c e w i t h t h e c e n t r a l d e t e c t o r t o e s t a b l i s h an e v e n t . 
They each c o n s i s t o f a 2 m x 1 ra x 2.5 cm s l a b o f NE11 0 p l a s t i c s c i n t i l l a t o r 
v i e w e d b y f o u r 5" d i a m e t e r E . M . I . 9579B p h o t o m u l t i p l i e r t u b e s f o r p a r t i c l e 
d e n s i t y measurements a n d one 2" d i a m e t e r P h i l i p s 56AVP p h o t o m u l t i p l i e r t u b e 
f o r f a s t t i m i n g . The c o n f i g u r a t i o n o f t h e p h o t o m u l t i p l i e r t ubes i s shown i n 
























6 . 1 . 4 The 1 .6 m d e t e c t o r s 
T h e r e a r e f o u r o f t he se d e t e c t o r s , each c o n s i s t i n g o f f o u r i n d i v i d u a l l y 
l i g h t - p r o o f e d q u a r t e r s o f 2.5 cm t h i c k s l a b o f NE1 02A p l a s t i c s c i n t i l l a t o r . 
E a c h q u a r t e r i s v i e w e d b y a P h i l i p s 53AVP p h o t o m u l t i p l i e r t u b e t h r o u g h a 
p e r s p e x l i g h t g u i d e ( s e e F i g . 6 . 2 c ) ) , 
6 . 1 . 5 The 1.0 m d e t e c t o r s 
T h e r e a r e t h r e e o f t h e s e d e t e c t o r s i n 
25 m f r o m t h e c e n t r a l d e t e c t o r . They 
i n d i v i d u a l l y l i g h t - p r o o f e d s l a b s o f 5 
p l a s t i c i s n o t o f t h e h i g h e s t q u a l i t y 
f a c e on w i t h a p h o t o m u l t i p l i e r t u b e , 
i n c r e a s i n g t h e d e t e c t o r ' s r e sponse t o 
a r r a n g e m e n t o f p h o t o m u l t i p l i e r s i s de] 
t h e a r r a y , each s i t u a t e d a p p r o x i m a t e l y 
each c o n s i s t o f f o u r i d e n t i c a l 
cm t h i c k s c i n t i l l a t o r . The s c i n t i l l a t o r 
n e c e s s i t a t i n g v i e w i n g each s l a b b r o a d -
T h i s does have t h e advan tage o f 
a l m o s t u n i t y o v e r a l l i t s a r e a . The 
> i c t e d i n F i g . 6 . 2 d ) . 
6 .2 A i r - s h o w e r d e t e c t i o n and measurement 
The a r r i v a l o f an a i r shower i s d e t e c t e d b y c o i n c i d e n c e be tween a p u l s e f r o m 
s c i n t i l l a t o r C a n d e i t h e r t h e t h r e e i n n e r 2 .0 m s c i n t i l l a t o r s , o r t h e t h r e e 
o u t e r s c i n t i l l a t o r s . The f o r m e r mode has a s m a l l e r c o l l e c t i n g a r e a b u t c a n 
be u s e d t o s t u d y s m a l l a i r - s h o w e r s (~5.10^" - 1 0 ^ p a r t i c l e s ) o r t o examine i n 
d e t a i l t h e c o r e - s t r u c t u r e o f l a r g e r a i r - s h o w e r s . The l a t t e r mode makes f u l l 
u se o f t h e a v a i l a b l e c o l l e c t i n g a r e a and i s u s e d e i t h e r as a b a r e a i r - s h o w e r 
t r i g g e r , w i t h no e l e c t r o n component i n f o r m a t i o n r e c o r d e d , o r t o examine t h e 
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The d e n s i t y p u l s e s u s e d f o r a i r shower s i z e and c o r e l o c a t i o n a r e p r o v i d e d 
b y t h e " s l e w " p h o t o m u l t i p l i e r t u b e 3 and have a n e x p o n e n t i a l d e l a y t i m e 
c o n s t a n t o f 20 ps. The p u l s e s u s e d f o r f a s t t i m i n g measurements , t o d e t e r m i n e 
t h e d i r e c t i o n o f a r r i v a l o f t h e shower o r i n v e s t i g a t e s h o w e r - f r o n t s t r u c t u r e , 
a r e p r o v i d e d b y t h e " f a s t " p h o t o m u l t i p l i e r t u b e s , and a r e o f '~5nS f . w . h . m . 
The p u l s e s f r o m each p h o t o m u l t i p l i e r v i e w i n g a s i n g l e s c i n t i l l a t o r a r e summed 
i n a m i x e r a m p l i f i e r a t t h e d e t e c t o r w h i c h a l s o i n v e r t s t h e s i g n a l ( s e e P i g . 
6 . 3 ) . The c o n s e q u e n t p o s i t i v e p u l s e s a r e t h e n s e n t v i a an e m i t t e r - f o l l o w e r 
down RG58 c / u 50 -R-coax i a l c a b l e t o t h e d a t a s t o r a g e u n i t s i n t h e l a b o r a t o r y . 
T h i s c a b l e has no s i g n i f i c a n t e f f e c t on t h e shape o f e i t h e r t h e d e n s i t y o r 
f a s t t i m i n g p u l s e s , howeve r , p u l s e i n f o r m a t i o n p r o p a g a t e s down s u c h a l i n e 
w i t h 0.9<3B p e r 100 m l o s s , w h i c h has t o be compensa ted f o r b y i n c r e a s i n g t h e 
p h o t o m u l t i p l i e r E . H . T . 
The o u t p u t s o f t h e m i x e r - a m p l i f i e r s a r e c a l i b r a t e d such t h a t t h e p u l s e h e i g h t 
c o r r e s p o n d s t o t h e number o f p a r t i c l e s p e r s q u a r e m e t r e ( i . e . d e n s i t y ) 
d e t e c t e d b y t h e w h o l e s c i n t i l l a t o r w h i c h t h a t m i x e r - a m p l i f i e r s e r v e s . 
The p r o g r e s s o f t h e p u l s e s a f t e r l e a v i n g t h e c a b l e s i s d e p i c t e d i n F i g . 6 . 4 . 
A l l p u l s e s a r e f i r s t a m p l i f i e d and s p l i t t o p r o v i d e i n f o r m a t i o n on t h e p u l s e s 
as w e l l as a d r i v i n g p u l s e f o r a d i s c r i m i n a t o r t o p r o v i d e e v e n t t r i g g e r s and 
a m o n i t o r o f t h e r a t e o f d e t e c t i o n o f i n d i v i d u a l d e t e c t o r s . 
The t i m i n g p u l s e s a r e c o n v e r t e d t o p u l s e h e i g h t measurements v i a t i m e - t o -
a m p l i t u d e c o n v e r s i o n m o n i t o r s ( T . A . C . ) . These ' s t a r t ' on t h e a r r i v a l o f a 
t i m i n g p u l s e f r o m d e t e c t o r C , and ' s t o p ' on t h e a r r i v a l o f a t i m i n g p u l s e 
f r o m a s c i n t i l l a t o r . An a n a l o g u e p u l s e c o r r e s p o n d i n g i n h e i g h t d i r e c t l y t o 
t h e d e l a y t i m e b e t w e e n t h e a r r i v a l o f a p u l s e f r o m d e t e c t o r C and a t i m i n g 
s c i n t i l l a t o r i s t h e n a v a i l a b l e f o r d i g i t i s a t i o n a n d s t o r i n g . 
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FIG.6-4. The Event Handling Circuitry. 
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A l l such t i m i n g p u l s e s and t h e d e n s i t y p u l s e s a r e h e l d i n an A n a l o g u e 
M u l t i p l e x e r and s e q u e n t i a l l y r e l e a s e d t o an A n a l o g u e t o D i g i t a l C o n v e r t e r 
( A . D . C . ) f o r s u b s e q u e n t d i g i t i s a t i o n . 
The d i g i t i s e d p u l s e h e i g h t s a r e r e a d i n t o a u n i t f o r s t o r a g e and t r a n s f e r 
t o an I . B . M . 1130 compu te r w h e r e t h e y a r e s t o r e d on magne t i c t a p e o r d i s c 
f o r subsequent a n a l y s i s on a l a r g e r c o m p u t e r . 
6.3 E x p e c t e d r a n g e o f t h e a i r - s h o w e r a r r a y 
I f we assume t h a t a r e l a t i v i s t i c e l e c t r o n p r o d u c e s a p u l s e w i t h a u n i q u e 
s i z e t h e n i t i s a s i m p l e m a t t e r t o c a l c u l a t e t h e e x p e c t e d shower s i z e range 
a n d r a n g e o f c o r e d i s t a n c e s t h a t c a n be e x p e c t e d f o r a g i v e n d i s c r i m i n a t o r 
l e v e l on t h e c o i n c i d e n c e u n i t f e d b y t h e t r i g g e r i n g s c i n t i l l a t o r s . 
S u c h c a l c u l a t i o n s a r e o n l y a f i r s t - o r d e r a p p r o x i m a t i o n s i n c e a r e l a t i v i s t i c 
p a r t i c l e p r o d u c e s a s p e c t r u m o f p u l s e h e i g h t s i n a s c i n t i l l a t o r . S i n c e t h e 
s p e c t r u m p r o d u a e d c a n be d e s c r i b e d b y a L o r e n t z i a n t y p e o f c u r v e ( s e e , f o r 
e x a m p l e , C h a p t e r 3 , S e c t i o n 3 ) i t has a l o n g t a i l . Hence t h e mode o f such 
a s p e c t r u m c a n b e more a c c u r a t e l y d e t e r m i n e d t h a n t h e mean, and f o r d a i l y 
c a l i b r a t i o n t e s t i n g i t p r o v e s a more c o n v e n i e n t p a r a m e t e r . Howeve r , i f more 
a c c u r a t e d e t e r m i n a t i o n o f t h e shower s i z e r ange and r a n g e o f c o r e d i s t a n c e s 
d e t e c t a b l e b y t h e a r r a y a r e r e q u i r e d , t hese f l u c t u a t i o n s must b e f o l d e d i n t o 
t h e c a l c u l a t i o n s . T h i s e s s e n t i a l l y has t h e e f f e c t o f i n c r e a s i n g t h e c o l l e c t i n g 
a r e a s f o r a l l shower s i z e s , and e s p e c i a l l y r e d u c e s t h e minimum shower s i z e 
t h a t can be d e t e c t e d . T h i s e f f e c t , t h o u g h , i s somewhat compensa ted f o r b y 
t h e d i f f i c u l t i e s o f a n a l y s i n g s m a l l shower s i z e s , because o f t h e r e l a t i v e l y 
l a r g e e r r o r s p r e s e n t on s m a l l p a r t i c l e d e n s i t y d e t e r m i n a t i o n s . 
FIG. 6 5 
C o l l e c t i n g a r e a s f o r s h o w e r s o f s i z s n . i O J p a r t i c l e s p r o d u c i n 
£ - 2 p a r t i c l e s 
(NORMAL MODE), 
—2 
&2 p a r t i c l e s m, i n d e t e c t o r s 0,13,33,53 s i m u l t a n e o u s l y 
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F i g . 6.5 shows t h e e x p e c t e d c o l l e c t i n g a reas ( a s s u m i n g e v e r y r e l a t i v i s t i c 
e l e c t r o n p r o d u c e s a p u l s e a t t h e mode o f t h e d i s t r i b u t i o n ) f o r d i f f e r e n t 
-2 
shower s i z e s b a s e d on * 2 p a r t i c l e m b e i n g d e t e c t e d i n each o f t h e 
s c i n t i l l a t o r s C, 13 , 33 and 53 i n c o i n c i d e n c e . F i g s . 6.6a) a n d 6 . 6b ) show 
t h e r e s u l t i n g r a n g e o f s h o w e r - s i z e s and c o r e - d i s t a n c e s d e t e c t a b l e u n d e r 
t h e s e t r i g g e r i n g r e q u i r e m e n t s . 
-2 
I t c a n be seen t h a t f o r a t r i g g e r i n g r e q u i r e m e n t o f 2 p t in i n each o f t h e 
2 - 2 
o u t e r 2 m s c i n t i l l a t o r s and 2 p t m i n t h e c e n t r a l d e t e c t o r , f r o m F i g s . 
6 .6a) a n d 6 . 6 b ) , t h e med ian shower s i z e d e t e c t a b l e i s 6.5 10 p t and t h e 
med ian c o r e - d i s t a n c e i s 36 m. 
6.h- T r i g g e r i n g modes w i t h e x t e r n a l d e v i c e s 
The F l a s h - T u b e Chamber c a n be u s e d i n c o n j u n c t i o n w i t h t h e a r r a y i n a v a r i e t y 
o f w a y s . E i t h e r an e v e n t i n t h e chamber can be u s e d t o t r i g g e r t h e a r r a y , 
o r v i c e - v e r s a , o r a c o i n c i d e n c e b e t w e e n t h e a i r - s h o w e r c o i n c i d e n c e u n i t and 
t h e f l a s h - t u b e chamber , o r t h e two a p p a r a t u s e s c a n be t r i g g e r e d i n d e p e n d e n t l y 
a n d c o r r e l a t e d b y a v i s u a l s c a l e r , c o r r e s p o n d i n g t o t h e book k e e p i n g s c a l e r 
i n c o r p o r a t e d i n t h e a i r - s h o v / e r d a t a s t o r a g e u n i t , b e i n g p h o t o g r a p h e d 
accompany ing t h e f l a s h - t u b e chamber e v e n t s . 
# 
6.5 The m o d i f i e d f l a s h - t u b e chamber 
6.5 .1 Reasons f o r m o d i f y i n g t h e f l a s h - t u b e c hamber 
The f l a s h - t u b e chamber was o r i g i n a l l y b u i l t t o s e a r c h f o r f r a c t i o n a l l y 
c h a r g e d p a r t i c l e s ( q u a r k s ) t h a t may be p r e s e n t i n t h e s e a - l e v e l c o s m i c 
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r a d i a t i o n . I t was found i n a number of quark searches (D. Cooper [ l 974] , 
A. Parvaresh f l 9751) t h a t a f r a c t i o n a l l y charged p a r t i c l e c o u l d be 
simulated by a background muon i f the l a t t e r had t r a v e l l e d through the 
chamber ~100 /us before the a p p l i c a t i o n of the H.T. pulse (see Fig.2.7 iJi 
Chapter 2 ) . To e l i m i n a t e these background e f f e c t s a previous p a r t i c l e 
i n d i c a t o r i s r e q u i r e d t h a t i s s e n s i t i v e t o p a r t i c l e s which t r a v e l through 
any r e g i o n o f the f l a s h - t u b e chamber where they might simulate a f r a c t i o n a l l y 
charged p a r t i c l e , and which a r r i v e i n the t i m e - i n t e r v a l 50 us t o 150 us 
p r i o r t o the a p p l i c a t i o n o f the H.T. pulse. 
Such a previous p a r t i c l e i n d i c a t o r could be provided by the m o d i f i c a t i o n s 
r e q u i r e d t o incorporate i n t o the fl a s h - t u b e chamber a system f o r d e t e c t i n g 
tachyons associated w i t h extensive a i r showers. Since the shower f r o n t 
t r a v e l s a t approximately the speed o f l i g h t , any f a s t e r than l i g h t p a r t i c l e 
produced a t some i n t e r a c t i o n i n the development o f the shower should a r r i v e 
a t some time 0 us t o 120 ps p r i o r t o the a r r i v a l o f the air-shower ( t h e 
precise time depending on the he i g h t of p r o d u c t i o n of the tachyon, the speed 
w i t h which i t propagates, and the z e n i t h angle of the shower's d i r e c t i o n o f 
t r a v e l ) . I f the f l a s h - t u b e chamber has i n c o r p o r a t e d i n t o i t a, p r e f e r a b l y 
l a r g e a r e a } d e t e c t o r t h a t can i n d i c a t e the time o f a r r i v a l o f p a r t i c l e s i n 
the 240 us p r i o r t o the a r r i v a l o f an air-shower, a comparison o f the a r r i v a l 
times and frequency of events between the 0 - 120 us and the 120 us t o 22*0 us 
p r i o r t o the a r r i v a l o f an air-shower should i n d i c a t e whether or n o t there 
are previous p a r t i c l e s associated w i t h a i r showers. 
I f the previous p a r t i c l e i n d i c a t o r includes an increased area of s c i n t i l l a t o r 
under the i r o n t a r g e t t h i s w i l l increase the number o f hi g h energy hadron 
i n t e r a c t i o n s i n the i r o n t h a t can be detected, thus improving the s t a t i s t i c s 
on these comparatively r a r e events. 
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6.5.2 The p r e v i o u s - p a r t i c l e i n d i c a t o r 
To accommodate the f a c i l i t i e s o u t l i n e d above the p l a s t i c s c i n t i l l a t o r s under 
the l e a d and i r o n were removed, and three p l a s t i c s c i n t i l l a t o r s of i d e n t i c a l 
c o n s t r u c t i o n were placed under the i r o n so as to completely cover the 
s e n s i t i v e area of the stack of f l a s h - t u b e s . Since these s c i n t i l l a t o r s had t o 
be p o s i t i o n e d normal t o the d i r e c t i o n i n which the previous s c i n t i l l a t o r s 
had been removed, the electrodes i n the d e f i n i n g l a y e r s P1 a and F1b had t o 
be shortened f u r t h e r t o avoid edge-effects (see Chapter 2, Section2 .,'3 ,1 ) , 
Three more s c i n t i l l a t o r s were s i m i l a r l y p o s i t i o n e d below the main body o f 
the chamber between the d e f i n i n g layers-, P^a and F^-b, where again the 
electrodes had t o be shortened. 
Diagrams of the m o d i f i e d f l a s h - t u b e chamber i n f r o n t and side view are shown 
i n F i g s . 6.7 and 6.8. 
The s i x p l a s t i c s c i n t i l l a t o r s used were i d e n t i c a l i n c o n s t r u c t i o n and are 
described i n Chapter 2 (see F i g . 2 . 3 ) . 
The H.T. supply t o the p h o t o m u l t i p l i e r s (6 p h o t o m u l t i p l i e r s per s c i n t i l l a t o r , 
36 p h o t o m u l t i p l i e r s i n a l l ) was a 0 - 3.5 kV O l t r o n i x LS 329R. The optimum 
o p e r a t i n g voltage f o r each tube having been p r e v i o u s l y determined ( F . Ashton 
[ p r i v a t e communication]), the d i f f e r e n t voltages were obtained by i n t e r p o s i n g 
v a r i o u s r e s i s t o r chains i n the supply l i n e t o each tube. The outputs of the 
three tubes viewing one edge of a s c i n t i l l a t o r were connected together through 
3 p a r a l l e l i d e n t i c a l c a p a c i t o r s C (0.1 uF). This provides a voltage pulse 
equal t o Q/C, where Q i s the average charge generated by the 3 p h o t o m u l t i p l i e r s . 
The outputs from each end of a s c i n t i l l a t o r were added and then the outputs 
from each s c i n t i l l a t o r i n the same stack ( e i t h e r the upper or lower) were a l l 
added before being sent down the delay l i n e . 
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By s t o r i n g the pulses i n n o f delay l i n e before d i s p l a y i n g them on an 
o s c i l l o s c o p e , i f the time-base of the o s c i l l o s c o p e i s t r i g g e r e d by the 
a r r i v a l of an air-shower, the p a r t i c l e s t h a t have t r a v e l l e d through the 
s c i n t i l l a t o r stacks i n the previous n p.s can be detected. 
The delay l i n e used was copper w i r e wound on a f e r r i t e core w i t h a delay o f 
1 us per f o o t (^ackethal H.H. 1 600 ) . Since the pulses provided by the 
s c i n t i l l a t o r s were f a s t (150 ns f.w.h.m.) the delay l i n e caused severe 
a t t e n u a t i o n . This was compensated f o r by d i v i d i n g the l i n e i n t o 3 equal 
sections (each p r o v i d i n g 80 us delay) and i n t e r p o s i n g an a m p l i f i e r between 
each s e c t i o n and between the output o f the f i n a l s e c t i o n and the o s c i l l o s c o p e . 
To reduce the a t t e n u a t i o n f u r t h e r , a s t r e t c h e r was i n s e r t e d between the 
second adder and the f i r s t s e c t i o n o f delay l i n e which provided pulses 5 ps 
wide f o r i n p u t r e c t a n g u l a r pulses 0.2 ps wide. 
I n Chapter 9 i s presented a more d e t a i l e d discussion o f the previous p a r t i c l e 
i n d i c a t o r w i t h the accompanying c i r c u i t diagrams ( F i g s . 9.2a), 9.4) and 
c a l i b r a t i o n curves ( F i g s . 9.1, 9.2b), 9.3a), 9.3b)). 
6.5.3 The s i n g l e p a r t i c l e pulse h e i g h t d i s t r i b u t i o n s o f the s c i n t i l l a t o r s 
The s i n g l e p a r t i c l e pulse height (s.p.p.h.) d i s t r i b u t i o n s f o r i n d i v i d u a l 
p h o t o m u l t i p l i e r s , s c i n t i l l a t o r s and combinations of s c i n t i l l a t o r s are shown 
i n F i g s . 6.9a, b, c, d, e and 6.10a, b, c, d, e. 
The d i s t r i b u t i o n s were obtained using a Laben model 100 pulse h e i g h t 
analyser (p,h.a„). The channels o f the p.h.a. were c a l i b r a t e d using 100 ns 
and 200 ns r e c t a n g u l a r pulses ( F i g . 6.11), 
F i g u r e 6.9: S i n g l e P a r t i c l e Pulse Height ('3«.P,P„H«.) d i s t r i b u t i o n s 
f o r d i f f e r e n t combinations o f p h o t o m u l t i p l i e r s 
v i e w i n g t h e s c i n t i l l a t o r s o f s o i n t i l l a t o r - s t a c k B 5 
( t h e l o w e r s t a c k ) p 
The p c r s i t i o m o f t h e p h o t o i t r u l t i p l i e r ( s) p r o d u c i n g the. 
d i f f e r e n t S*.P.J.Ho. d i s t r i b u t i o n s i s marked w i t h X om 
an i n s e t plam view o f t h e s c i n t i l l a t o r — s t a c k oro each 
f i g u r e . , 
F i g u r e 6,9*0: £?»P.Pe.H.. d i s t r i b u t i o n from one p h o t o m u l t i p l i e r 0 
F i g u r e 6 , 9 b ) t S'.P.Poil. d i s t r i b u t i o n from t h r e e p h o t o m u l t i p l i e r s . 
F i g u r e 6.9.e)t SOP.P.H, d i s t r i b u t i o n from s i x p h o t o m u l t i p l i e r s , 
a s i n g l e s c i n t i l l a - t o r . 
F i g u r e 6,9ct): S*Po.P.H. d i s t r i b u t i o n f r o m t w e l v e p h o t o m u l t i p l i e r s , 
t h e two coplanar s c i n t i l l a t o r s . 
F i g u r e 6 * 9 e ) 1 S.PeP.H*. d i s t r i b u t i o n from e i g h t e e n p h o t o m u l t i p l i e r s , 











o o o 
o o 
00 o 













L i _ 
9 © 
co 








o o o 
CD 
O O O 
O o 00 
o 
CD 





























© z : 









o 4 £ 
o o o 
o o 
CO 
o o o o 










Figure 6.10s Single Particle Pulse Height(SWP*P.E«>.) distributions 
for different combinations of photomultipliers 
viewing the s c i n t i l l a t o r s of s c i n t i l l a t o r - s t a c k A-9 
(the upper stack),. 
Figure 6.10a) : S 0P.P,iI e distributionc-fronT one pfcotomuliiplier 0 
Figure 6..40b) » SJ3.P.H',. distribution 1 from the three photomultipliers 
viewing one end of the- top s c i n t i l l a t o r of the stack. 
Figure 6,4.0c) j 3..P.PeH.. distribution from the six photomultipliers 
viewing the whole of the top s c i n t i l l a t o r . 
Figure 6 v i 0 d ) r S'»P,P,H. distribution from the twelve photomultipliers 
viewing the two bottom co-planar s c i n t i l l a t o r s of the 
stack. 
Figure cr^iOe.) t S'JP.P.il, distribution from the eighteen photomultipliers 
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The s c i n t i l l a t o r s (photomultipliers, s c i n t i l l a t o r combinations) were 
calibrated i n s i t u to avoid any soft component contamination. The p.h.a. 
was triggered by each pulse which i t was ready to d i g i t i s e and measure. 
Hence there was a dead-time associated w i t h every event, the average dead-
time was 2Cffo f o r the upper stack, and 12fo f o r the lower stack. This 
r e f l e c t s the presence of secondary p a r t i c l e s , from interactions of the muons 
which t r i g g e r the p.h.a. - i n the iron target, i n the upper s c i n t i l l a t o r 
stack. 
I t i s clear that the resolution of the peak of the s.p.p.h. improves w i t h 
the number of photomultipliers used. However, the poor resolution f o r 1 , 3 
photomultipliers (e.g. Figs. 6 . 1 2 a , b) makes a more quantitative evaluation 
of the relationship d i f f i c u l t . 
The twin peaks of the f i n a l s.p.p.h.'s of each stack are due to the presence 
of pulses corresponding to the addition of pulses corresponding to the same 
pa r t i c l e passing through two s c i n t i l l a t o r s . The r e l a t i v e heights of the 
twin peaks r e f l e c t the acceptance geometry available f o r such events. The 
re l a t i v e height of the peaks i s reduced as we go lower i n the flash-tube 
tray. This i s due to the increased amount of matter that muons have to 
pass through to reach the lower s c i n t i l l a t o r s , which involves the barytes-
b r i c k walls f o r pa r t i c l e s t r a v e l l i n g at some non-zero zenith angle. 
Figure 6<Ai s C a l i b r a t i o n curves f o r the Pulse Height Analyser (PCH.A.) 
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6 . 5 . 4 Calibration of the electronics 
Each i n d i v i d u a l element (see block diagram Pig. 9 . 4 ) of the previous p a r t i c l e 
i ndicator was c a l i b r a t e d using the relevant width of square pulse from a ~^  
palse generator. Although designed to produce 5 u s pulses, the stretchers 
could only stretch the 150 ns. "exponential" pulses to 2 ^is pulses. Hence 
the attenuation of the delay l i n e ( F i g . 9.1 ) was determined using 2 us square 
pulses. 
Once the gains of the amplifiers had been set f o r a ran (the settings were 
determined by the need to be able to distinguish a prompt a i r shower pulse 
w h i l s t minimising the height of the noise pick-up pulse from the flash-tube 
chambers H.T. pulse) the whole system was calibrated to produce the f i n a l 
input/output curves of Figs. 9 . 3 a ) and 9 . 3 b ) . 
6 . 5 . 5 Summary 
A small air-shower array has been b u i l t to detect air-showers of size 
5 
around 3 . 1 0 p a r t i c l e s . The flash-tube chamber has been modified to 
improve the searches f o r f r a c t i o n a l l y charged p a r t i c l e s , search f o r tachyons 
associated w i t h air-showers detected by the array, and increase the 
c o l l e c t i n g area f o r hadron detection i n such air-showers. 
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CHAPTER 7 
T H E D E T E R M I N A T I O N OF A I R - S H O W E R 
P A R A M E T E R S 
7.1 The method of intersecting l o c i 
The two basic parameters of an air-shower which need to be determined are 
the shower size N and the position of the axis of the air-shower, the core 
position. 
A method f i r s t suggested by Williams (19^2) of constructing l o c i of possible 
core positions from the information given by several pairs of detectors has 
been found useful i n the analysis of showers when only a few ( a i r - s h o w e r 
detectors are used (Nasri [ l 9 7 7 ] ) . This method has been f u r t h e r investigated 
i n the present work, and used i n the analysis of a certain class of a i r -
showers (see Chapter 1 1 ) . 
The method depends on assuming that the l a t e r a l d i s t r i b u t i o n of electrons i n 
an air-shower can be expressed as an e x p l i c i t function of shower size N and 
distance from the core of the shower r . I f we l e t the electron density at 
detector 1 be A. , and the electron density at detector 2 be A 2 , then 
corresponding to d i f f e r e n t electron density r a t i o s between the two detectors 
can be constructed. Examples of such series' f o r the arrangement of detectors 
i n the Durham Air-Shower Array are presented i n Figs. 7 . 1 a ) , b ) . 
( 7 . 1 ) ^ 1 
= f l W - f 2 < r l ) = f 2 ( r 2 ) 
f ^ N ) . f 2 ( r 2 ) f 2 ( r i ) 
Hence, f o r any p a i r of detectors, a series of l o c i of possible core positions 
Figure 74, s Examples of i n t e r s e c t i n g l o c i curves f o r d i f f e r e n t 
pairs of detectors according to the Nishimura-
Kamata-Greisen (N 0K 0G 0) equation f o r the l a t e r a l 
d i s t r i b u t i o n of electrons i n an air-shower,, 
Figure 7 » i a ) { Curves f o r detectors G and 53 
= Electron density indetectctr g 
S°B* Electron density i n detector 53 
Figure 7«l"b)* Curves f o r detectors C and 62 
A.A- = Electron density i n d e t e c t o r C 
Electron density i n detector 62 
Figure: 7<4°) ! Curves f o r detectors 4 and7 42 
AA- = Electron density i n d'etector 41 
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Three detectors thus give two independent r a t i o s and the corresponding l o c i 
w i l l i n tersect at two places. To decide which of the two positions i s the 
true core position a f o u r t h detector i s required, the t h i r d l o c i constructed 
from the r a t i o of the electron density i n t h i s detector to the electron 
density i n any one of the other three detectors w i l l define the core position 
uniquely. Once the core position has been determined i t i s a simple matter 
to f i n d the shower size N by substit u t i n g f o r r ^ i n the equation 
The electron l a t e r a l d i s t r i b u t i o n function used to construct the l o c i of 
Pigs. 7.1 i s usually referred to as the Nishimura - Kamata - Greisen (N.K.G.) 
where r^ = 79 m. 
5 
The curve i s presented i n Fig. 7.2 f o r a shower size of 3.10 p a r t i c l e s . 
position determination i s insensitive t o the p a r t i c u l a r l a t e r a l d i s t r i b u t i o n 
function assumed, however the r e s u l t i n g shower size does depend strongly on 
the d i s t r i b u t i o n function. 
Since, with the Durham Air-Shower Array, electron density information from 
10 detectors was available, a choice of detectors to be used i n the core 
location has t o be made. Two p a r t i c u l a r choices of detectors have been 
investigated: 
A ± = f ^ N ) f 2 ( r i ) 
curve (Greisen [1960]) and has the form 
0o75 3.25 (7.2) A e ( N , r ) « 0J£ ® r1 r + r - i 11 .h r 1 
I t has been noted (A. G. Smith [private communication]) that the core 
FIG. 7-2 
Lateral d i s t r i b u t i o n of electrons i n an air-shower of sizo 











Method 1_ : Since every air-shower detected requires there to be a signal 
- 2 
greater than 2 pcles m i n the central detector G, one choice of detector 
combinations that might prove useful i s to take the three detectors w i t h 
the largest signals i n combination w i t h the central detector C. This method 
does have the disadvantage of r e l y i n g very heavily on detector C even i f 
there are only a few p a r t i c l e s detected i n C. 
Method 2 : A more refined choice i s to take the four detectors with the 
largest signals and take the detector w i t h the largest signal i n combination 
w i t h each of the other three detectors. 
7 . 2 S t a t i s t i c a l fluctuations i n detector response 
Air-showers at sea-level are usually past maximum, and the p a r t i c l e s can 
thus be considered as independent. Hence fluctuations i n the p a r t i c l e 
numbers from the average (as predicted by the electron l a t e r a l d i s t r i b u t i o n 
function) can be considered as purely randon\ and be described by a Poisson 
d i s t r i b u t i o n , However, i n practice, the observed fluctuations are usually 
broader than purely Poissonian, due mainly to the fluctuations i n detector 
response ( i . e . the superposition of n single p a r t i c l e pulse height 
d i s t r i b u t i o n s when n p a r t i c l e s pass through the detector)„ I n order to 
characterise the broader d i s t r i b u t i o n s that are observed, they can be 
considered as roughly Poissonian i n shape but w i t h a broader f.w.h.m., and 
the width can be described by some factor k>1 times the standard deviation 
i . 
6" ( = n 2 ) of a normal Poissonian d i s t r i b u t i o n , s ' 
There are two methods of obtaining k, by experiment and by theory,, 
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To determine k experimentally, a sample of showers needs to be analysed and 
the core positions and shower sizes determined. The intersecting l o c i 
method provides a convenient method of determining these parameters f o r this 
purpose since i t only requires the use of four detectors, hence, i n the case 
of the Durham Air-Shower Array, the measured and expected p a r t i c l e numbers 
i n the other six detectors can be compared t o determine the size of the 
observed fluctuations. 
This technique has been used to analyse 100 showers ( j . Fatemi [private 
communication]), and over the whole range of shower sizes measured 
( 7 . 4 x 10^ to 2 .7 x 10^ p a r t i c l e s ) , the average width of the fluctuations 
was found to be 1,2n 2 ( i . e . k = 1.2). This means that i n a p l o t of measured 
p a r t i c l e number against predicted p a r t i c l e number, 68fo of the points f e l l 
w i t h i n ± 1 .2n 2 of the mean. In c i d e n t a l l y , the slope of the mean being equal 
to u n i t y lends some support to the assumed electron l a t e r a l d i s t r i b u t i o n 
function. 
The second method of determining k involves assuming that the actual 
fluctuations are Poissonian, and by calc u l a t i n g the width due to the detector 
response, the f i n a l l y observed fluctuations can be determined. 
The effects of fluctuations i n detector response have been calculated by a 
Monte Carlo technique (A. C. Smith [ 1 9 7 6 ] ) to be representable by a Poisson 
type curve of standard deviation 0 .66 n 2 ( i . e . 0 .666"poisson). Hence, i f 
we characterise the f i n a l l y observed fluctuations by a standard deviation 
6 TOT* 
2 2 2 6 T 0 T = b poiss + ( 0 . 6 6 b poiss) 
= n (1 + 0 . 6 6 2 ) 
.*. 6 T f y p ~ 1 .2n^ ( i . e . k = 1 .2) 
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Since both methods of obtaining k agree, we can proceed to simulate r e a l 
showers i n order to investigate the accuracy of the parameter determination 
by assuming that the fluctuations can be characterised by a s l i g h t l y 
broadened Poisson d i s t r i b u t i o n of standard deviation 1 .2 times the standard 
deviation of a normal Poisson d i s t r i b u t i o n . 
7 .3 Simulated air-showers 
A sample of data was analysed to provide a provisional shower size spectrum 
and core distance d i s t r i b u t i o n . A sample of simulated a i r showers was then 
constructed according to these r e s u l t s , the simulated a i r shower size 
spectrum and core distance d i s t r i b u t i o n are shown i n f i g s . 7 . 3 a ) and 7 . 3 b ) . 
The core distances are measured from the c e n t r a l detector C, 
Core positions were randomly generated i n a 75 m x 75 m matrix using tables 
of random numbers i n p a i r s , and the showers assigned t h e i r core positions 
according to f i g . 7.3t>). 
Fluctuations from t 0 . 2 5 & T , to t i f . 2 5 b T were randomly selected according to 
a normal (gaussian) d i s t r i b u t i o n and randomly assigned to the detector 
signals of each event. 
( b m = 1,2b . ). 
N T poisson' 
The expected signal from each detector f o r each event was then calculated, 
including f l u c t u a t i o n s , providing 30 simulated a i r shower events which were 
then analysed according to methods 1 and 2 (see Section 7.1 and below)„ 
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FIG. 7 • 3 b) Ctore distance d i s t r i b u t i o n used i n simulated air-showers. 
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7 . 4 Method 1 of analysing air-showers 
Having generated simulated air-showers, t h e i r cores were located by 
considering the detectors w i t h the 3 largest signals i n pairs w i t h 
detector C, w i t h the following provisos:-
a.) I n the case of a signal >85 p a r t i c l e s m , the detector was assumed 
saturated and thus only defining an area (rather than a locus) i n 
which the core must f a l l . 
b.) I n the case of no core being located w i t h the three curves, error 
curves were 
fol l o w i n g : -
calculated at the 1.2 6 . l e v e l according to the 
poiss 
-2x 
i f detector area A has a pcles m ) 
_ 2) errors added i n quadrature 
and detector area B has b pcles m ) 
giving: error i n * = 1.2a 
b b 
1_ 1 
aA + b"B 
The r e s u l t i n g t r i a n g l e , either common or l i m i t e d , was taken as the area i n 
which the core must f a l l and the centre of the inscribed c i r c l e taken as 
the position (the intersection of the bisectors of the angles) since this 
point i s equidistant from a l l 3 sides of the t r i a n g l e . 
The shower size N was calculated from the density i n the detector nearest 
the located core position, unless saturated. 
Some examples of core locations using Method 1 are presented i n f i g s . 7 . 4 a ) , 
b ) , and c ) . F i g . 7 . 5 summarises the results on core locations using Method 1 
The bases of the arrows represent the input core position, and the ti p s of 
the arrows show the core position that has been determined using Method 1 . 
Figures 7<>4a) jb) ,c) 8 Examples o f core-locations using 
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Figure? 7o5' A- Summary o f t h e r e s u l t s om c o r e - l o c a t i o n u s i n g 
Method] 1 , 
Base o f arrow = A c t u a l c o r e — p o s i t i o n o f s i m u l a t e d 
a i r — shower,. 
T i p o f arrow = C o r e - p o s i t i o n determined u s i n g Method 1 » 
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F i g u r a 7*7* A' Summary o f t h e r e s u l t s on c o r e - l o c a t i o n u s i n g 
Method 2. 
Base o f arrow = A c t u a l c o r e - p o s i t i o n o f s i m u l a t e d 
air-shower^ 













7.5 Method 2 o f analysing air-showers 
Method 2 d i f f e r s o n ly i n t h a t the r o l e o f d e t e c t o r G i n Method 1 was 
a l l o t t e d to the detec t o r w i t h the highest p a r t i c l e d ensity - unless t h i s 
was a s a t u r a t e d detector i n which case s a t u r a t i o n c r i t e r i a as i n a) of 
Section 7.4 were adopted, and the second h i g h e s t density was used as the 
highe s t . 
One f u r t h e r refinement of Method 2 i s t h a t t h e shower size was determined 
from the mean o f the shower sizes determined from each o f the 4 detectors 
used i n the core l o c a t i o n . 
Examples o f core l o c a t i o n s u s i n g Method 2 are presented i n f i g s . 7.6a) and 
b ) . P i g . 7.7 summarises the r e s u l t s on core l o c a t i o n u s i n g Method 2 
according t o the format o f f i g . 7.5. 
7.6 Results on core l o c a t i o n s 
F i g s . 7.8a) and b) represent the comparative accuracy of the two methods by 
comparing the i n p u t core distance from H ( t h e f l a s h - t u b e chamber) r w i t h 
1 
the determined core distance from H, r ^ . There i s no apparent d i f f e r e n c e 
between the accuracies o f the two methods i n core l o c a t i n g . 
I n order t o assess the accuracy of e i t h e r method a histogram o f j r ^ - T g j 
i s necessary. F i g s . 7.9a) a*"! b) are such histograms f o r each method. 
C l e a r l y no g r e a t e r accuracy than +10 m can be claimed w i t h e i t h e r method. 
F i g s . 7.5 an<3- 7.7 i n d i c a t e t h a t t h i s accuracy i s not core d i s t a n c e dependent. 
Fig-, 7.10 compares the i n p u t d i s t r i b u t i o n of core distances from H 
w i t h the determined d i s t r i b u t i o n s as determined by Methods 1 and 2. There i s 
c l e a r l y no systematic e r r o r i n core l o c a t i o n . 
F i g u r e 7»8a): Histogram o f t h e d i f f e r e n c e between t h e a c t u a l 
c o r e - d i s t a n c e o f the s i m u l a t e d air-showers from 
t h e f l a s h - t u b e chamber ( r ^ ) and t h e determined 
c o r e - d i s t a n c e ( r ) using' Method 1 0 
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F i g u r e 7.9a) s Histogram o f | r ^ - r , , | f o r " t h e r e s u l t s o f u s i n g 
Method i „ 
Figure' 78.9b): Histogram o f J r ^ - r ^ J f o r - t h e r e s u l t s o f u s i n g 
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7.7 Results on shower size determination 
Pig„ 7.11 compares the input i n t e g r a l shower size spectrum w i t h the 
determined shower size spectra of Methods 1 and 2 . Clear ly both methods 
overestimate the shower size, but Method 1 (using only the detector w i t h 
the largest s ignal) gives a s l i g h t l y less divergent resu l t f o r the la rger 
shower sizes. I n order to correct f o r th i s overestimation of shower s ize 
a " c a l i b r a t i o n curve" can be constructed. P ig . 7.12 shows jus t such a 
curve constructed from a l inear regression f i t of logarithms to the scat ter-
p l o t of the resu l t s of Method 1 . 
Hence i f the shower size i s determined from the detector w i t h the largest 
density th i s can be corrected to give a be t te r estimate of the shower size 
according to the equation 
( 7 . 3 ) / N corrected\ _ M x N measured 
VIC? / \ 1 . 5 6 To 5 
7.8 L imi ta t ions of the in te r sec t ing l o c i method 
The in te r sec t ing l o c i method has been demonstrated to be a v iable method 
of obtaining a i r shower parameters, however some l im i t a t i ons o f the method 
have also been made apparent 0 
Clear ly the technique can only handle small quant i t ies of data, i f more 
than, say, 500 events need analysing, then th i s technique would prove too 
labor ious . 
FIG. 7-11 
10 
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Comparison o f ac tua l and determined shower-size d i s t r i b u t i o n s 
o f s imulated a i r - s h o w o r s „ 
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The accuracy i n core loca t ion could be improved by using a l l the available 
data instead of j u s t a sample ( i . e . the informat ion from k detectors o n l y ) . 
I t would be d i f f i c u l t to accommodate more informat ion i n the in te r sec t ing 
l o c i method since the d i f f e r e n t assessments o f the locat ion of the shower-
axis would need to be weighted i n the i r p r o b a b i l i t y of accuracy occuring to 
the confidence which could be claimed f o r each detector s i g n a l . 
A l l showers are assumed v e r t i c a l , to take account of i n c l i n a t i o n of the 
shower-axis to the v e r t i c a l a larger number o f in tersec t ing l o c i curves 
would have to be constructed corresponding to various angles of i n c l i n a t i o n 
of the shower-axis to the v e r t i c a l . 
The technique does not allow f o r the t es t ing of various l a t e r a l d i s t r i b u t i o n 
func t ions , and especially does not allow f o r the construct ion of a 
phenomenological d i s t r i b u t i o n func t ion that might be peculiar to the Durham 
array and the types and d i s t r i b u t i o n of detectors used the re in . 
7.9 The "Minui t " method 
A more comprehensive analysis technique has been devised (A. C. Smith [ l 9 7 6 ] ) 
based on the minimisation package of computer programmes ca l l ed "Minuitf 1 „ 
This enables the three parameters shower angle, shower size and core loca t ion 
to be determined by simultaneously minimising f i t s to a l l three parameters„ 
Although expensive i n computer t ime, the technique i s designed to handle 
large quant i t ies of data and use a l l the informat ion ava i lab le . The 
technique can also be modified to allow the construction of d i f f e r e n t l a t e r a l 
d i s t r i b u t i o n f u n c t i o n s „ 
FIG. 7 12 
Correc t ion curve f o r shower size measurements based 
on the e lec t ron dens i ty and distance from the a i r -
shower core o f the detector w i t h the l a rges t unsaturated 
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The "Minuit" technique i s more thoroughly described by Smith (1 976) . 
Simulations described therein lead to the conclusion that core locat ion 
accuracy i s improved to + 6 in, however the shov/er sizes are s t i l l over-
estimated and a correct ion curve s imi lar to equation (7 .3 ) i s s t i l l 
necessary3 i . e . 
(7 .4 ) ^ e a s u r e d j a (1 .58 ± 0 . 0 7 ) / ^cor rec ted^ j ° ' 9 1 t 0 ' ° 2 
7.10 Summary 
A method of determining air-shower parameters has been devised based on 
the in te r sec t ing l o c i method of Wil l iams (1952) . This has been shown, 
using simulated air-showers, to give core locat ion accuracy of +10 m and 
an overestimate of the shov/er size which can be corrected f o r . 
The technique, however, cannot handle large quant i t ies of data f o r which 
case a computer based numerical minimisation technique has been devised 
(Smith [1976]). This l a t t e r technique gives improved core loca t ion accuracy 
(^6 m) but does s u f f e r s imi lar overestimation of the shower s ize , which too 
can be corrected f o r . 
The l a t t e r technique i s most u s e f u l i n handling large quant i t ies of data and 
i s most su i table f o r measurements on muons i n showers (see Chapter 10). 
The former technique i s usefu l when only a few selected events need to be 
analysed, where avoidance of the time consumptive needs of the computerised 
technique ( i . e . where not a l l the available data need be analysed) would be 
measurements on hadrons i n showers (see Chapter 11 ) . 
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CHAPTER 8 
T A C H Y O N T H E O R Y A N D P R E V I O U S S E A R C H E S 
8.1 T achy on Theory 
8.1 .1 Subluminal r e l a t i v i t y 
The locat ion of an event i s uniquely defined by the four-vector ( x , y , 
z , c t ) . However, i m p l i c i t i n t h i s statement i s the fac t that the event 
i s being observed, and the frame of reference from which the event i s 
being observed defines the values of the parameters x , y , z, c t . The 
values of these parameters are d i f f e r e n t i f measured i n d i f f e r e n t frames 
of reference. 
However, i f the two frames of reference have the same o r i g i n , but one i s 
moving w i t h a low ve loc i ty parameter |3 (where |3 = v « l ) then at the instant 
c 
the two frames have a common o r i g i n the event as measured i n both frames of 
reference appears to have the same values f o r the parameters x , y , z and c t . 
This i s because the time taken f o r l i g h t signals t o reach an observer i n 
each reference frame i s the same i n each reference frame. 
However, i f we introduce the experimentally v e r i f i e d postulate that the 
v e l o c i t y of l i g h t i s the same i n a l l reference frames, then as J3 approaches 
u n i t y , c l e a r l y the time taken f o r l i g h t signals to reach an observer i n a 
reference frame moving towards the event w i l l be less than the time taken 
to reach the same observer i n the reference frame i n which the event i s 
s ta t ionary. The values o f the parameters x , y , z , c t w i l l thus be d i f f e r e n t 
i f measured from the same o r i g i n but i n the two d i f f e r e n t reference frames„ 
The only parameter which can now be uniquely defined i n a l l reference frames 
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i s the magnitude of the four-vector i . e . (x + y + z - c t ) 2 i f the 
various reference frames have a common o r i g i n . 
I f the reference frame A i s moving w i t h uniform v e l o c i t y parameter B i n 
the x -d i r ec t i on w i t h respect t o a reference frame B: 
( 8 , 1 ) Then x 1 = 1 2 A ( x - B c t ) ; y 1 = y ; z = z 
and t 1 = — ' ? i ( t - Bx/c) 
1 1 1 1 
where (x , y , z , t ) i s the four-vector of an event as measured i n A, 
and ( x , y , z , t ) i s the four-vector of the same event measured from the 
same o r i g i n i n B. These re la t ionships can be v i s u a l l y summarised i n one 
space dimension by a Minkowski space - time diagram. 
The x , t axes of reference frame A are rota ted i n t o the pos i t ive quadrant 
of reference frame B by ©-degrees where 0-= tan~^(B). 
Minkowski space - time diagram (subluminal) 
6- = t a n - 1 (B) 
I f the co-ordinates of two events i n reference frame A are (x^' , t^ ' ) and 
i i 
( x 9 , t ) , and a l l quanti t ies i n reference frame B are s i m i l a r l y 
represented by unprimed parameters, then the f o l l o w i n g re la t ionships can 
be simply derived from the above diagram:-
(8 .2 ) t - t = V - *1 ' 
( 8 . 3 ) x 2 - ^ = 
(1 - P 2 ) 2 
Equation ( 8 . 2 ) implies that time in te rva ls i n a moving reference frame are 
always smaller than a stat ionary reference frame (provided |}<1 ) . This 
phenomenon i s ca l l ed time d i l a t i o n . 
Equation ( 8 . 3 ) implies that s p a t i a l extent i n the d i r ec t i on i n which a 
moving reference frame i s moving i s always smaller i n the moving reference 
frame than i n a stat ionary reference frame. This phenomenon i s Lorentz -
F i tzgera ld cont rac t ion . 
Equations ( 8 . 2 ) and ( 8 . 3 ) also imply that no reference frame can be t r a v e l l i n g 
at the speed o f l i g h t (©- = 4 5 ° i n the Minkowski diagram) and that temporal 
and s p a t i a l separations have the same sense i n a l l reference frames moving 
a t v e l o c i t i e s less than the v e l o c i t y of l i g h t . 
The four-vectors of posi t ion-t ime space can be replaced by the f o u r vector 
( p Y » P > P » E) i n momentum - energy space, or (Ax, Ay, Az, V) i n magneto -
e l e c t r i c p o t e n t i a l space. 
The above transformation equations have the same form i n momentum - energy 
space except f o r the in t roduct ion o f the v e l o c i t y - transformation equations. 
These imply that the expressions f o r momentum p and energy E i n a s tat ionary 
reference frame of an object moving w i t h v e l o c i t y parameter p i n the 
d i r e c t i o n i n which the momentum i s being measured are: 
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( 8 . 4 ) P = Mofic 1 
(1 - f ) * 
E = Mn c 
0 - f ) 
where Mo i s the res t - mass of an object , i . e . the mass as determined i n 
the reference frame i n which the object i s s ta t ionary . 
The above synopsis of subluminal special r e l a t i v i t y rests on two postulates, 
the p r inc ip l e of r e l a t i v i t y and the p r inc ip le of the constancy of the 
v e l o c i t y of l i g h t . These two postulates were f i r s t introducted by Eins te in 
" 1 . The laws by which the states of physical systems undergo change are 
not a f f e c t e d , whether these changes of state be re fe r red to the one 
or the other of two systems of co-ordinates i n uniform t rans la tory 
motion. 
2 . Any ray o f l i g h t moves i n the ' s t a t ionary ' system of co-ordinates w i t h 
the determined ve loc i t y c, whether the ray be emitted by a s tat ionary 
or by a moving body." 
I t i s not necessary to introduce the t h i r d postulate that bodies cannot 
t r a v e l fas te r than l i g h t i n order to derive a l l the transformation r e l a t i o n -
ships of subluminal special r e l a t i v i t y , but more importantly the absence of 
a t h i r d postulate i n no way contradicts those r e l a t i v i s t i c arguements that 
are used to explain the physical phenomena that ar ise out of r e l a t i v i s t i c 
e f f e c t s e.g. the equivalence of mass and energy, the s t a b i l i t y of unstable 
pa r t i c l e s t r a v e l l i n g at high v e l o c i t i e s . 
(1905) . 
- 103 -
8.1 .2 Superluminal r e l a t i v i t y 
A frame of reference t r a v e l l i n g w i t h a v e l o c i t y parameter B > 1 corresponds 
on the Minkowski space - time diagram to 9-> 4 5 ° . 
Minkowski space - time diagram (superluminal) 
The f i r s t problem that has to be faced w i t h superluminal frames of reference 
2 
i s that since the f a c t o r ( l - B ) i s negative f o r B> 1 , a l l expressions which 
2 1 
contain the term (1 - B ) 2 become imaginary. This problem has been dealt 
.w i th i n a va r i e ty of ways by various authors whose work w i l l be described i n 
more d e t a i l i n the next sect ion. One example of th is problem arises when we 
consider the mass of a p a r t i c l e t r a v e l l i n g fas te r than l i g h t : -
M = Mj2 _ u where Mo i s now the rest mass of the p a r t i c l e . I f B>1 then M 
becomes imaginary unless the res t mass of a p a r t i c l e t r a v e l l i n g fas te r than 
l i g h t i s imaginary. 
(8 .5 ) I f we l e t Mo = i u D 
then M = Mo ^ecomes r e a l . 
The s igni f icance of th is in t roduc t ion of the mass parameter u q i s that since 
the rest mass of a fas ter than l i g h t p a r t i c l e i s defined as imaginary, then 
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i t must be an unobservable i n a l l reference frames i . e . i f a p a r t i c l e i s 
t r a v e l l i n g f a s t e r than l i g h t i n any reference frame then i t must t ravel 
f a s t e r than l i g h t i n a l l reference frames. This means that pa r t i c l e s that 
t r a v e l f a s t e r than l i g h t are a new class of pa r t i c l e s ( i n the same way that 
photons are a d i f f e r e n t class of par t i c les to pa r t i c l e s that always t r ave l 
slower than l i g h t ) . These pa r t i c l e s are ca l led TACHTONS (Feinberg [1967]) 
and have some unusual proper t ies , and t h e i r existence gives r i s e to some 
apparent paradoxes. 
8.1 .3 The energy of a tachyon 
Subs t i tu t ing i d e n t i t y (8.5) i n t o equations (8,4) and considering the case 
p >1 gives the expressions; 
(8.6) p a ftf0 1 . B = M 0 c 2 
( f - 1 ) * { f - 1 ) * 
f o r the momentum and energy of a tachyon. The behaviour of the energy and 
momentum of pa r t i c l e s slower and f a s t e r than l i g h t as the p a r t i c l e s ' 








The diagram c l e a r l y i l l u s t r a t e s the fo l lowing poin ts : 
i . ) Since the E - p and p - p re la t ionships are asymptotic i n the 
region p = 1 , a pa r t i c l e t r a v e l l i n g slower than l i g h t can never 
t r ave l f a s t e r than l i g h t , and a pa r t i c l e t r a v e l l i n g fas te r than 
l i g h t can never t r ave l slower than l i g h t . (This emphasises the 
point made e a r l i e r that tachyons are a new class of p a r t i c l e s . ) 
i i . ) As the v e l o c i t y of a tachyon increases so i t s energy and momentum 
decreases. Any processes which involve an energy loss from the 
tachyon serve to increase the v e l o c i t y of a tachyon. So we expect 
most tachyons to be t r a v e l l i n g at very high ve loc i t i e s ( i . e . p-^00) , 
i f they have t r ave l l ed through regions containing matter w i t h which 
they could i n t e r a c t . 
I t i s also more l i k e l y that on production tachyons are t r a v e l l i n g 
w i t h very high v e l o c i t i e s , since the production of " fas t" tachyons 
requires less energy than the production of "slow" tachyons. 
I f we consider the transformation equations (8 .1 ) i n momentum - energy 
space these have the form 
(3.5) P x = —1 ? [ p - M ) ; p y = p y ; p 'z = pz 
(|1 - p 1 | ) 2 \ x o I 
E = - g j . (E - p p o) 
where the primed quant i t ies r e f e r to measurements made i n a reference frame 
moving w i t h v e l o c i t y parameter p i n the x - d i r e c t i o n , and E and p are the 
energy and momentum of a tachyon i n i t s res t frame. 
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Since the v e l o c i t y parameter p = of the tachyon i s greater than un i ty 
we can choose a value f o r p such that the energy of the tachyon i s negative. 
This implies the existence of reference frames i n which tachyons would be 
copiously produced, since the system cou ld not be stable against the i r 
spontaneous emission. 
However, the same apparent problem arises i f we consider the transformation 
equations i n spatio-temporal space:-
(8.6) Ax = 1 ( A x - p c A t ) ; A y ' = A y ; A z ' = A z ; 
I 01 — 
< h - P i l > a 
A t ' = 1 / A t - A x \ _ /\t 
i o - P 1 r 0 
where the primed quanti t ies r e f e r to quant i t ies measured i n a reference frame 
moving w i t h v e l o c i t y parameter p i n the x - d i r e c t i o n , and p = <^x i s the 
c A t 
v e l o c i t y parameter of a tachyon. 
We can now choose a value f o r p^ such that A t ' i s negative when A t i s 
p o s i t i v e . This implies that we can f i n d reference frames i n which the time 
ordering of events i s reversed, which contradicts i n t u i t i v e notions of 
causa l i ty . 
Both problems arise from the same condit ion v i z 
and when p^ > ^ , E* and A t 1 are negative f o r pos i t ive values of E and A t . 
These apparent paradoxes led sc ien t i s t s f o r over h a l f a century to dismiss 
the p o s s i b i l i t y of tachyons 1 existence, and not u n t i l the in t roduct ion of 
a t h i r d postulate (Sudarshan, B i l an iuk and Deshpande [ l 9 6 2 ] ) were these 
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paradoxes resolved and f u r t h e r serious theore t i ca l and experimental 
inves t iga t ions of f a s t e r than l i g h t p a r t i c l e s resumed. 
8.1 .4 Previous t heo re t i c a l invest igat ions of tachyons 
8.1 .4.1 Sudarshan, B i l a n i u k and Deshpande (1962) 
These authors postulate two c r i t e r i a which a cons r e l a t i v i s t i c theory 
should s a t i s f y v i z . : 
"(a) I n any frame of reference the energy of a p a r t i c l e must be p o s i t i v e . " 
" (b ) Laws of p a r t i c l e dynamics must be independent of frame of reference." 
C r i t e r i o n (b) i s i d e n t i c a l to postulate 1. of E ins t e in ' s o r i g i n a l theory, 
however the constancy of the v e l o c i t y of l i g h t , or ra ther the f ac t tha t the 
8 -1 
value of the v e l o c i t y of l i g h t i n f r ee space i s 3.10 ms , i s now considered 
to be a physical law, and hence independent of frame of reference. C r i t e r i o n 
( a ) , on the other hand, defines a c r i t e r i o n by which we can test whether a 
physical state has r e a l s ign i f i cance , i . e . i t i s a d e f i n i t i o n of existence i n 
the physical universe. Take f o r example the transmission of energy from a 
source to a s ink. To an observer s ta t ionary w i t h respect to both source and 
sink the time ordering of events i s tha t f i r s t the observer sees the source 
s u f f e r a decrease i n pos i t ive energy fol lowed by the sink s u f f e r i n g an increase 
i n pos i t i ve energy. However, consider a second observer t r a v e l l i n g w i t h a 
v e l o c i t y greater than l i g h t such that the time-ordering of events i s reversed. 
F i r s t he sees the sink s u f f e r an increase of energy, fo l lowed by the source 
s u f f e r i n g a decrease i n energy. However, according to equation 8.7, t h i s same 
observer also observes changes i n pos i t i ve energy as changes i n negative energy. 
Hence, the observer sees f i r s t the sink s u f f e r an increase of negative energy, 
fo l lowed by the source s u f f e r i n g a decrease i n negative energy. Thus the 
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second observer sees f i r s t the sink as a source, s u f f e r i n g a decrease i n 
pos i t ive energy, fo l lowed by the source - which he ca l l s the sink - s u f f e r i n g 
an increase i n pos i t i ve energy. Although the two observers disagree about 
the time ordering of events, i n nei ther frame of reference does the series 
of events appear to c o n f l i c t w i t h caU&ali ty . 
An example of such an event i s the e l a s t i c c o l l i s i o n o f a tachyon w i t h a 
p a r t i c l e moving slower than l i g h t . To an observer i n whose frame the two 
pa r t i c l e s appreach each other w i t h 4-motnenta (p^ , E^ ) and (pg, Eg) , a f t e r the 
c o l l i s i o n there w i l l appear to be two pa r t i c l e s receeding from each other w i t h 
4-momenta (p , JZ ) and (pg , Eg ) . However to an observer moving such that 
the tachyon appears to have negative energy, since to t h i s observer the tachyon 
appears to be t r a v e l l i n g backwards i n t ime, he w i l l describe the event as the 
1 1 
fus ion of two tachyons w i t h 4-momenta (p^ , E^  ) and (p^ , E^  ) w i t h a t h i r d , 
slower than l i g h t , p a r t i c l e w i t h J^ -momentum (pg, Eg) to produce a f o u r t h , 
1 1 
slower than l i g h t , p a r t i c l e wi th 4-momentum (pg , Eg ) . The in t roduc t ion of 
postulate (a ) i s now i n d i r e c t l y r e f e r r ed to by other authors as the i n t r o -
duction of the r e in t e rp re t a t ion p r i n c i p l e or R . I . P . , and w i l l be r e f e r r ed to 
simply as such i n what f o l l o w s . 
8.1 .4.2 Feir.berg (1967) 
One o f the main objections to the p o s s i b i l i t y of p a r t i c l e s t r a v e l l i n g f a s t e r 
than l i g h t has been the f ac t that since the energy of a p a r t i c l e of non-zero 
mass appreaches i n f i n i t y as i t s v e l o c i t y approaches the v e l o c i t y of l i g h t , i t 
would require an i n f i n i t e energy source to accelerate such a p a r t i c l e through 
the " l i g h t b a r r i e r " . However, Feinberg points out that since the advent of 
r e l a t i v i s t i c quantum f i e l d theory, i t i s no longer necessary to accelerate a 
p a r t i c l e through the " l i g h t ba r r i e r " i n order to obtain a tachyon. Par t ic les 
t r a v e l l i n g f a s t e r than l i g h t can be created i n pa i rs without cont rad ic t ing 
special r e l a t i v i t y , and Weinberg d i rec t s his a t t en t ion to the descr ip t ion 
of a quantum f i e l d theory of non- interact ing tachyons. 
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As a f i r s t step i n f i n d i n g a wave f u n c t i o n to describe a tachyon Peinberg 
points out that solutions to the K l e i n - Gordon equation wi th an imaginary 
mass have to be found: -
(8 .8) ( D 2 + v)0 =(V - t + u 2 ^ = 0 
V I ? J 
where the mass m of a tachyon i s given by m = i p . 
The set of elementary so lu t ions : -
(3.9) 0., k = __1 . exp i (kx - wt) 
( 2 R ) 3 / 2 
0 , k = 1 exp-i (kx - wt) i n one space dimension have the 
( 2 T l ) V 2 
2 2 — 
r e s t r i c t i o n | k | 2 u always where w = +(k - u )2^ tn order that a super-
pos i t i on of such solut ions give the wave func t ion of a pa r t i c l e w i t h r e a l 
energy. 
This r e s t r i c t i o n implies that , since a superposition of solutions o f the 
form M/(=c) =JV + , k (x) f ( k ) d 3 k ( |k | su) cannot be made in to ^ ( x ) , 
tachyons cannot be loca l i sed i n space. This problem i n turn creates 
d i f f i c u l t i e s i n describing the propagation of a tachyon, and the term 
"ve loc i ty" becomes a loosely defined parameter. 
The c l a s s i c a l f i e l d theore t ica l treatment above leads to a quantum f i e l d 
theory of spinless tachyons by considering the f i e l d 0 to be an operator 
i . e . we expand 0 by 
(8 .10) 0(x,t) = 
3 Qi(kx - wt ) 
d"k (k) 
( 2 w R ) i ( 2 l t ) 3 / 2 
=i (kx - wt) + o n e 3 P a c e dimension 
d 3 k 1 6 a (k) 
> R ) * ( 2 f X ) 3 / 2 
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where again | k | > u, and a( k) , ( k ) are ope r a t o r s . The same non-
l o c a l i s a b i l i t y i n space i s i m p l i e d by t h i s r e s t r i c t i o n , but another 
r e s t r i c t i o n on the commutation r e l a t i o n s o f a ( k ) , a^(k) a r i s e s from the 
r e q u i r e d L o r e n t z - i n v a r i a n c e of the theory. 
This r e q u i r e s the existence of u n i t a r y operations L ( l , a) associated w i t h 
a L o r e n t z - t r a n s f o r m a t i o n cc' = l x + a s a t i s f y i n g 
(8 .11 ) L ( l , a) 0 ( x ) L~1 ( 1 , a) = 0 ( l x + a) 
This i m p l i e s t h a t : -
La(k)L" 1 = / i o _ Y a(k') i f ko' > 0 and k ' k / 0 
V k o / V 
La(k)lT 1 =/k ' Y a"(-V^ ^ k o , *. (-k ) i f k Q < 0 and k Q , k Q / 0 
\K J k o 
(8 .12) 
where k^ = l ^ j v . k ^ 
Thus the canonical commutation r e l a t i o n s 
(8 .13) [ a ( k ) , a ^ k ' ) ] = $3(k - k ) 
[ a ( k ) , a ( k ) ] = 0 
are not s a t i s f i e d , since a Lorentz-transform changing a(k) i n t o a+(k) w i l l 
change the s i g n o f the l e f t hand side w i t h o u t changing the s i g n of the 
r i g h t hand side o f equation ( 8 . 1 3 ) . 
Quantizing w i t h anticommutators, on the oth e r hand, gives no such t r o u b l e 
So a, a^ can be taken t o s a t i s f y : -
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(3 .14) a(k) a ^ k ' ) + a^(k') a(k) = S 3 ( k - k 1 ) 
a(k) a ( k ' ) + a(k ) a(k) = 0 
Therefore the tachyons are fermions, even though they have spin-zero. 
By f u r t h e r c o n s i d e r i n g the d i f f e r e n t i a l equations 
(3 .15) i ^ ( x ) = - i [ P j i , jtf(x)] 
where tyx are the 4-vector momentum operators, Peinberg concludes t h a t the " 
a^(k) can be i n t e r p r e t e d as a c r e a t i o n operator, and a ( k ) an a n n i h i l a t i o n 
o p e r a t o r , o f p a r t i c l e s o f momentum k. This i s a more formal approach t o 
the negative energy s o l u t i o n s of equation ( 8 . 8 ) , b u t w i t h the same 
conclusions, as the more q u a l i t a t i v e approach o f Sudarshan e t a l described 
i n S e c t i o n 8.1 .4.1 . Furthermore the tra n s f o r m a t i o n o f a i n t o at by a 
Lo r e n t z - t r a n s f o r m a t i o n which changes the sign o f k Q describes the i n t e r -
changing r o l e s o f abs o r p t i o n and emission i m p l i e d by R.I.P. 
The f i e l d theory has one f u r t h e r unusual i m p l i c a t i o n i n the existence o f 
a conserved c u r r e n t u given by 
(8 .16 ) £fu = jZfB^f -
since the f i e l d equation (8 .8 ) i m p l i e s 
(3 .17 ) "Bujfu = f6U2fl - U?M = 0 
The conserved charge associated w i t h u can be w r i t t e n 
(8 .18) 0 = - J ^ f ^ x = d \ a t ( k ) a ( k ) + i n f i n i t e constajit'so t h a t j6 
d e f i n e s the tachyon number present i n a given reference frame. This 
q u a n t i t y , however, i s not Lorentz i n v a r i a n t , which f o r m a l l y j u s t i f i e s the 
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r e i n t e r p r e t a t i o n o f events described i n the example o f e l a s t i c c o l l i s i o n s 
c i t e d i n Section 8.1 .4.1 . 
To c l a r i f y t h i s p o i n t consider the p a r t i c l e i n t e r p r e t a t i o n o f f i e l d theory. 
This assumes the existance of a n o - p a r t i c l e or vacuum s t a t e d e f i n e d by 
(8 .19 ) a(k)|o> = 0 
out o f which p a r t i c l e s t a t e s are c r e a t e d by c r e a t i o n operators i . e . a s t a t e 
c o n t a i n i n g n p a r t i c l e s o f momenta , k^, . . . . k^ i s 
0 > (8 .20) | k v k 2 , . . . . k n > = a t ( k 1 ) aT(k 2) . . . . a f ( k n ) 
( N o t i c e t h a t since tachyons are fermions, a l l the momenta , kg, . . . . k 
must be d i f f e r e n t . ) 
Consider the s t a t e 
(8 .21) k> = a t ( k ) 0 > 
Now, from (8 .12) there e x i s t s a Lorentz t r a n s f o r m a t i o n t — t h a t changes a^(k) 
i n t o an a n n i h i l a t i o n operator a ( k ) . 
L e t us f u r t h e r denote the transform o f the vacuum corresponding t o the 
Lorentz t r a n s f o r m a t i o n L by 
(8 .22 ) |ft L>=L | 0 > 
I f k i s a momentum such t h a t k Q i s p o s i t i v e when k Q i s p o s i t i v e , then 
(8 .23 ) a(k ) | f t L > = a ( k ) L | 0 > = La(k) 0 > 
= 0 
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Hence these momenta are not present i n $7 ^ . I f , however, k i s a momentum 
such t h a t k Q i s negative when k Q i s p o s i t i v e , then 








Hence, |Q/contains one p a r t i c l e w i t h each momentum whose energy changes 
s i g n under the i n v e r s e Lorentz t r a n s f o r m a t i o n . One i n t e r e s t i n g consequence 
o f the non-invariance of the tachypn vacuum s t a t e under a Lorentz t r a n s -
f o r m a t i o n i s i n the a n a l y s i s o f the causal anomolies apparently p r o d u c i b l e 
w i t h tachyons. 
Consider two observers 1 and 2. By agreement, observer 1 emits a tachyon 
and on d e t e c t i o n o f t h i s by observer 2, he emits a tachyon which i s i n t u r n 
d e t e cted by observer 1 . For s i m p l i c i t y assume t h a t each observer, i n h i s 
r e s t system, emits a tachyon w i t h i n f i n i t e v e l o c i t y , then i f observer 2 i s 
t r a v e l l i n g w i t h v e l o c i t y parameter i n the d i r e c t i o n i n which observer 1 
emits a tachyon, c l e a r l y B^  > ^ where B i s the v e l o c i t y parameter o f the 
tachyon e m i t t e d by observer 1 . So, according t o equation (8.7) we have the 
s i t u a t i o n t h a t observer 1 w i l l r e c e i v e the tachyon from observer 2 before 
he has e m i t t e d the tachyon t h a t causes observer 2 t o emit a tachyon. 
A p p l y i n g the r e - i n t e r p r e t a t i o n p r i n c i p l e ( R . I . P . ) , the tachyon observed by 
observer 2 w i l l appear t o have ne g a t i v e energy, so he w i l l not observe i t 
as having been e m i t t e d t o him, b u t by him. S i m i l a r l y , observer 1 w i l l 
i n t e r p r e t the negative energy tachyon emitted by observer 2 t o him as a 
p o s i t i v e energy tachyon emitted by him t o observer 2„ Since the agreement 
depended on the observation of a tachyon emitted from one observer t o the 
o t h e r , n e i t h e r observer w i l l have observed t h i s , and the sequence of events 
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w i l l not have been deemed t o t r i g g e r the agreement. T h i s , however, does 
r a i s e f u r t h e r questions as t o the c o n t r o l each observer has over the emission 
of a tachyon from h i s reference frame which can best be i n v e s t i g a t e d by 
c o n s i d e r i n g a tachyon d e t e c t i o n system i n more d e t a i l . 
I f the tachyon d e t e c t o r i s based upon the excitement o f an atom from i t s 
ground s t a t e t o e i t h e r an e x c i t e d s t a t e , or a s t a t e of motion, then by 
choosing the atom t o be i n i t s ghdund s t a t e , we r u l e out the p o s s i b i l i t y t h a t 
i t can emit a p o s i t i v e energy tachyon, as seen by the observer who i s using 
i t f o r a d e t e c t o r . Hence t h i s type o f detector cannot be used t o d e t e c t a 
tachyon moving w i t h a v e l o c i t y such t h a t i t s energy changes s i g n under the 
Lorentz t r a n s f o r m a t i o n r e l a t i n g the two observers. 
Y/e must thus r e s o r t t o a d e t e c t o r based upon the excitement o f an atom which 
i s already i n an e x c i t e d s t a t e , e i t h e r t r a n s l a t i o n a l or i n t e r n a l , so t h a t i t 
can emit a p o s i t i v e energy tachyon by changing t o a lower energy s t a t e . I n 
t h i s case what each observer w i l l see w i l l be spontaneous emission o f a 
tachyon from h i s d e t e c t o r , and he w i l l n ot r e l a t e i t t o the d e t e c t i o n o f a 
tachyon emitted by the other observer. Hence what would a t f i r s t s i g h t 
appear t o be a causal anomaly would o n l y be i n t e r p r e t e d as u n c o r r e l a t e d 
spontaneous emission. 
This i m p l i e s a method o f d e t e c t i o n o f tachyons. I f we observe the r a t e o f 
spontaneous changes to lower energy s t a t e s of a d e t e c t i o n system not i n the 
ground s t a t e , such as r a d i o a c t i v e decay, or the l i n e s produced by e x c i t e d 
atoms, these should be increased by p r o x i m i t y t o a tachyon source. F u r t h e r 
d i s c u s s i o n o f such techniques w i l l be presented i n a l a t e r s e c t i o n where 
previous experimental searches f o r tachyons are described. 
- 115 -
8.1 .4 .3 Aarons and Sudarshan (1968) 
These authors p o i n t o u t , and i n f a c t prove by a more v i g o r o u s treatment 
than Peinberg, t h a t a t t e m p t i n g t o r e t a i n the standard p o s i t i v e energy 
p a r t i c l e i n t e r p r e t a t i o n by a s s o c i a t i n g c r e a t i o n operators w i t h the negative 
frequency p a r t of the s c a l a r f i e l d (see equation ( 8 . 1 0 ) ) introduces non-
in v a r i a n c e i n t o the theory under superluminal Lorentz t r a n s f o r m a t i o n s . 
Feiriberg's m o t i v a t i o n behind t h i s approach was to p r o v i d e a formal 
r e p r e s e n t a t i o n o f the r e i n t e r p r e t a t i o n p r i n c i p l e . 
However Aarons and Sudarshan w r i t e down the scalar f i e l d JZJ i n terms o f 
a n n i h i l a t i o n operators o n l y i . e . 
- i ( k x - wt) v p 3 e a(k) 
(8.10a) A*.t)j$fy ^ 3 / 2 
/ ^ V 7 - ^ 3 / 2 a ( k ) (2w )2 ( 2 r t ) ; / < : 
where k 
The u n i t a r y operators!— ( l , a) s a t i s f y i n g equation ( 8 . 1 1) w i l l now transform 
the operator a(k) as 
(8 .12a) L a ( k ) L " 1 = e " i l k , a a ( k ' ) 
Since c r e a t i o n and a n n i h i l a t i o n operators are not now mixed, anticommutation 
r u l e s (8 .14) are not necessary f o r q u a n t i s a t i o n , and the conclusion t h a t 
spin-zero tachyons are fermions i s removed. 
However, since the c r e a t i o n operators a^(k) can create negative energy s t a t e s , the 
authors are f o r c e d t o in t r o d u c e a p h y s i c a l p o s t u l a t e : -
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"The o n l y p h y s i c a l l y r e l e v a n t q u a n t i t i e s are the t r a n s i t i o n amplitudes. Any 
t r a n s i t i o n amplitude i s t o be i n t e r p r e t e d as the amplitude f o r t r a n s i t i o n 
between p o s i t i v e energy p a r t i c l e s where a l l negative energy p a r t i c l e s 
( o f momentum p) i n the i n i t i a l s t a t e are i n t e r p r e t e d as outgoing p o s i t i v e 
energy p a r t i c l e s ( o f momentum - p ) ; s i m i l a r l y f o r negative energy p a r t i c l e s 
i n the f i n a l s t a t e . " 
Which i s , i n f a c t , the r e - i n t e r p r e t a t i o n p r i n c i p l e i n a d i f f e r e n t form. 
The authors conclude t h e i r paper w i t h a question: 
" I s i t p o s s i b l e t h a t the n o t i o n of a p h y s i c a l s t a t e i t s e l f i s not expressible 
i n a r e l a t i v i s t i c a l l y i n v a r i a n t f a s h i o n , though the p h y s i c a l p r e d i c t i o n s 
l i k e mass l e v e l s and t r a n s i t i o n p r o b a b i l i t i e s are a l l r e l a t i v i s t i c a l l y 
i n v a r i a n t ? " 
The question o f Lorentz i n v a r i a n c e w i l l be r a i s e d again (see f o r example 
Section 8.1 . 4 . 4 ) , and the answer t o the ques t i o n posed by Aarons and 
Sudashan seems t o be t h a t , since tachyon physics has not y e t been e x p e r i -
mentally t e s t e d (because tachyons have n o t y e t been observed) there i s no 
reason t o presume t h a t Lorentz invariance should be a p p l i e d t o i t . 
8.1 .4 .4 Recami and Mignani (1974) 
Recami and Mignani i n 1974 published a comprehensive review o f t h e i r own, 
and other authors.; t h e o r e t i c a l researches i n t o the c l a s s i c a l behaviour of 
tachyons. I t i s o f i n t e r e s t t o quote t h e i r v e r s i o n o f the f i r s t two 
postul a t e s o f s p e c i a l r e l a t i v i t y , since some o f the conclusions o f t h e i r 
theory can be d i r e c t l y t r a c e d to these p o s t u l a t e s : -
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"1. Space-time i s homogenous and space i s i s o t r o p i c . 
2 . P h y s i c a l laws of mechanics and electromagnetism are r e q u i r e d t o be 
c o v a r i a n t when passing from an i n e r t i a l frame t o another frame i n 
r e c t i l i n e a r , uniform r e l a t i v e motion ( p r i n c i p l e o f r e l a t i v i t y ) . We 
complete t h i s p o s t u l a t e by adding the requirement t h a t the vacuum i s 
c o v a r i a n t when changing i n e r t i a l frame." 
Prom these two p o s t u l a t e s a l l the usual laws and r e l a t i o n s h i p s ( i n c l u d i n g 
2 
the existence o f an i n v a r i a n t q u a n t i t y c w i t h the dimensions o f v e l o c i t y 
squared) o f s p e c i a l r e l a t i v i t y can be deduced. I n the case o f a boost 
along the x - a x i s , the g e n e r a l i s e d Lorentz transformations i n spatio-temporal 
space are f o r -co<B<co 
(8-25) -•T(^)' •'•VF^' 
The double s i g n i n equations (8 .25) i s r e q u i r e d by the i n v e r t i b i l i t y of 
generalised Lorentz t r a n s f o r m a t i o n s . 
A t h i r d p o s t u l a t e (R.I.P.) i s r e q u i r e d when extending r e l a t i v i t y t o cover 
tachyons, and t h i s i s summarised by the observation t h a t any Lorentz 
t r a n s f o r m a t i o n which reverses the s i g n o f the f o u r t h component o f any f o u r 
v e c t o r d e s c r i b i n g a p a r t i c l e , w i l l reverse the sign of the f o u r t h 
component o f a l l f o u r v e c t o r s d e s c r i b i n g t h a t p a r t i c l e . 
The f i r s t important g e n e r a l i s a t i o n these authors deduce i s a " d u a l i t y 
p r i n c i p l e " which b r i e f l y s t a t e d claims t h a t the terms B (a bradyon, a 
slower than l i g h t p a r t i c l e ) , T (a tachyon, a f a s t e r than l i g h t p a r t i c l e ) , 
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s ( a reference frame moving w i t h u n i f o r m v e l o c i t y l e s s than the v e l o c i t y o f 
l i g h t ) , S ( a reference frame moving w i t h uniform v e l o c i t y greater than the 
v e l o c i t y of l i g h t ) , do not have an absolute meaning, but only a r e l a t i v e 
one. That i s t o say any bradyon B r e l a t i v e t o a frame s w i l l appear as a 
tachyon T t o frame S, and v i c e - v e r s a . The d u a l i t y p r i n c i p l e i s completed 
by adding the assumption that "frames S are supposed t o have a t t h e i r 
d i s p o s a l e x a c t l y the same p h y s i c a l objects as frames s have, and v i c e - v e r s a " . 
Since any Lorentz t r a n s f o r m a t i o n must preserve the magnitudes o f the f o u r 
v e c t o r s associated w i t h the t r a n s f o r m a t i o n t h i s provides a ready 
i n t e r p r e t a t i o n o f the two signs i n the equation. 
(8.26) ( ( c 1 t 1 ) 2 + ( i x 1 ) 2 ) * = t ( ( c t ) 2 + ( i x ) 2 ) ± 
where we have suppressed two s p a t i a l dimensions f o r convenience of expression, 
and the f o u r v e c t o r (CC q, oc^  ,oc^, oc^) = ( c t , i x , i y , i z ) . The p o s i t i v e s i g n 
r e f e r s t o transformations from a s to a s, or from a S t o a S, and the 
negative sign t o transformations from a s t o a S, or from a S t o a s. 
Although a l l observers i n s or S w i l l observe r e a l q u a n t i t i e s i n t h e i r own 
r e f e r e n c e frame, i f an observer s wishes to l o o k a t space-time through the 
observations o f an observer S, or v i c e - v e r s a , then he w i l l have t o do h i s 
c a l c u l a t i o n s by u s i n g the f o u r v e c t o r ( i c t ' , x 1 , y* , z') w i t h o u t changing, 
however, the correspondence between norm sign and f o u r v e c t o r type. 
According t o t h i s convention, then, there i s no change o f metric ( t h e chosen 
m e t r i c being c o n s i s t e n t l y (+ - - - ) ) when passing from subluminal t o super-
l u m i n a l reference frames, or v i c e - v e r s a . 
The above described theory can already be seen t o d i f f e r from the more 
conventional approach o u t l i n e d i n Sections 8.1 .1 , 8.1 .2, and 8.1 .4.2, 
namely:-
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1 . By choosing the metric ( + - - - ) i n s t e a d of the more conventional 
(- + + + ) , tachyons are no longer considered as a new c l a s s o f 
p a r t i c l e s ( c . f . the d u a l i t y p r i n c i p l e ) . 
2. By choosing the d i f f e r e n t m e t r i c , the problem o f the imaginary r e s t 
mass o f a tachyon does not a r i s e . Since the f o u r v e c t o r i n momentum 
space has the form (ok, i p x > *& z) > "then i n order t o obey the 
above described convention, the proper expression f o r the mass o f an 
objec t o f r e s t mass mQ ( r e a l ) t r a v e l l i n g w i t h v e l o c i t y parameter B 
should be m = m o . The r e s t mass m has a r e a l meaning f o r a 
tachyon, since superluminal reference frames ( i n which t h e tachyon can 
be a t r e s t ) are deemed t o e x i s t . 
3. The a d d i t i o n o f the covariance of the vacuum t o the p r i n c i p l e o f 
r e l a t i v i t y i s i n d i r e c t c o n f l i c t w i t h Feinberg's deductions 
( S e c t i o n 8.1 . 4 .2 ) from a quantum f i e l d theory o f tachyons. The d u a l i t y 
p r i n c i p l e i m p l i e s t h a t tachyons are n o t a new class o f p a r t i c l e s , b u t 
"frames S are supposed t o have a t t h e i r d i s p o s a l e x a c t l y the same 
p h y s i c a l objects as frames s have, and vic e - v e r s a " . These d i f f e r e n c e s , 
however, are based mainly on a choice o f convention, and can only be 
re s o l v e d by observations o f nature. However, these authors h i g h l i g h t 
an i n t r i g u i n g i m p l i c a t i o n o f the r e - i n t e r p r e t a t i o n p r i n c i p l e which i s 
v a l i d under e i t h e r convention. 
I f we i n t r o d u c e a charged p a r t i c l e i n t o the examples c i t e d above where 
R.I.P. i s used t o i n t e r p r e t negative energy p a r t i c l e s t r a v e l l i n g backwards 
i n time, then the sign o f the charge must be reversed. I n f a c t i f we use 
"charge" i n i t s broadest sense, the p a r t i c l e w i l l be r e - i n t e r p r e t e d as the 
a n t i p a r t i c l e o f the tachyon observed by a s t a t i o n a r y observer. This i s 
- 1 20 ~ 
e s s e n t i a l l y because R.I.P. i n t e r p r e t s a change i n sign o f the f o u r t h 
component o f every f o u r v e c t o r , and "charge" can be associated w i t h the 
f o u r t h component of some f o u r vector e.g. e l e c t r i c charge has the same 
sign as the e l e c t r i c p o t e n t i a l i n the f o u r v e c t o r (Ax, Ay, Az, V) i n 
magneto-electric p o t e n t i a l space. 
I f we consider R.I.P. as an operator and oC t o be the operator which 
reverses the si g n of the observable c(, then 
(8.27) R.I.P. = C E p 
where E = energy; p = 3-moraentum^ G = change. 
Now, i f we remember t h a t R.I.P. f o l l o w s the Lorentz t r a n s f o r m a t i o n t o a 
frame o f reference where t and x are reversed as w e l l as E and p, t h i s 
t r a n s f o r m a t i o n can be represented by the equation 
(8.28) P p T E = -1 
where P = p a r i t y ; T = time 
The whole process o f r e i n t e r p r e t i n g such a Lorentz transformed event can 
be w r i t t e n as 
(8 . 2 9 ) R.I.P. ( P p T E ) = C E p ( P p T E ) = C P T = -1 
where we are making observations i n momentum space. 
I n order f o r an observer i n s t o look a t space-time through the observations 
o f an observer i n S, the convention described above e s s e n t i a l l y r e q u i r e s 
t h a t each component o f the f o u r v e c t o r be m u l t i p l i e d by a f a c t o r i . Since 
t h i s i s e q u i v a l e n t , on f o r example a Minkowski space-time diagram, t o 
r o t a t i o n through FT , t h i s i m p l i e s t h a t what an observer i n s measures f o r 
2 
a s p a t i a l co-ordinate i n the d i r e c t i o n i n which the observer S i s t r a v e l l i n g , 
the observer i n S w i l l i n t e r p r e t as a temporal co-ordinate and vi c e - v e r s a . 
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This r e q u i r e s unusual p h y s i c a l i n t e r p r e t a t i o n i f p o s t u l a t e 1 i s adhered t o , 
but t h i s p o i n t i s glossed over by the authors. 
However, t h i s r e c i p r o c i t y between the two elements of the f o u r v e c t o r i s 
used when the authors proceed t o discuss superluminal transformations o f the 
e l e c t r i c and magnetic f i e l d s . B r i e f l y they conclude t h a t elements o f the 
magnetic f i e l d o f a tachyon are transformed i n t o the e l e c t r i c f i e l d when 
observed i n a reference frame s, and v i c e - v e r s a . I n p a r t i c u l a r the e l e c t r i c 
f i e l d due t o an e l e c t r i c momopole t r a v e l l i n g f a s t e r than l i g h t should g i v e 
r i s e t o the e f f e c t s expected from a magnetic momopole when observed by an 
observer i n s. A more d e t a i l e d a n a l y s i s o f t h e i r arguements and conclusions 
i s presented i n Section 8.1 . 4 . 9 . alongside the work o f other authors who 
have discussed t h i s problem. However, the r e c i p r o c i t y between space and 
time has caused other authors t o formulate tachyon t h e o r i e s i n which tachyons 
have a p r e f e r r e d d i r e c t i o n i n space. Such a theory w i l l now be discussed. 
8.1 .4 .5 Antippa (1972) and Antippa and E v e r e t t (1971 > 1973) 
These t h r e e papers discuss f i r s t a one-dimensional, then a three dimensional, 
tachyon t h e o r y . Although the metric chosen, and hence the d e r i v e d t r a n s -
f o r m a t i o n equations, are i d e n t i c a l t o those deduced by Recami and Mignani 
( 8 . 2 5 ) , postulates of the Antippa theory l e a d t o a more d e f i n i t e p h y s i c a l 
i n t e r p r e t a t i o n o f r e c i p r o c i t y . These p o s t u l a t e s are:-
" i . ) ( a ) Any co-ordinate system having a constant v e l o c i t y o f magnitude 
d i f f e r e n t than u n i t y , r e l a t i v e t o an i n e r t i a l c o-ordinate system i s 
i t s e l f i n e r t i a l . 
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(b) No two i n e r t i a l co-ordinate system can have a r e l a t i v e v e l o c i t y 
o f u n i t magnitude. 
i i . ) The laws o f physics have the same form i n any i n e r t i a l c o-ordinate 
system. 
i i i . ) A luxon ( a " p a r t i c l e " t r a v e l l i n g a t the speed of l i g h t ) t r a v e l l i n g 
i n vacuum has a v e l o c i t y o f u n i t magnitude r e l a t i v e t o a l l i n e r t i a l 
co-ordinate systems. 
i v . ) Space-time i s homogeneous. 
v.) Space and time are r e a l i n a l l i n e r t i a l co-ordinate systems. 
v i . ) Among the three magnitudes o f the r e l a t i v e v e l o c i t i e s of three 
i n e r t i a l c o - o r d i n a t e systems, two or none are great e r than u n i t y . 
v i i . ) The time a x i s i s u n i d i r e c t i o n a l w i t h respect t o bradyons b u t 
i s o t r o p i c w i t h respect t o tachyons. The space d i r e c t i o n i s 
u n i d i r e c t i o n a l w i t h respect t o tachyons b u t i s o t r o p i c w i t h r e s p e c t 
t o bradyons." 
A l l the postu l a t e s upto v i . ) are equ i v a l e n t t o or can be derived from the 
p o s t u l a t e s of Recami and Mignani. However p o s t u l a t e v i i . ) removes Lorentz 
i n v a r i a n c e since ( i n one dimension) i t r e q u i r e s the existence of e i t h e r 
o n ly p o s i t i v e or negative momentum tachyons. Since the square of the 
amplitude o f a f o u r v e c t o r changes s i g n under a superlurainal t r a n s f o r m a t i o n , i . e . 
2 2 2 / 1.1*2 1 1 1 2,2 2 2 2 ( c t ) - x - y - z = - c t + x + y + z c . f . equn. 
(8.26) 
Antippa and E v e r e t t i n t e r p r e t t h i s as an exchange o f the r o l e s o f space and 
time f o r tachyons as opposed t o bradyons. The concepts of v e l o c i t y B and 
r e s t system f o r bradyons can be replaced by the inverse v e l o c i t y ^ = 4 
P 
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and " s i m u l t a n e i t y " system. This r e s t o r e s a formal symmetry about the 
v e l o c i t y o f l i g h t under an interchange of x~ and t - a x i s , together w i t h an 
interchange of v e l o c i t i e s and inverse v e l o c i t i e s . The equations (8 .25) of 
the generalised Lorentz t r a n s f o r m a t i o n become ( i n one dimension);-
(3 .30 ) | B | < 1 | | | < 1 
ae + B t t +5x 
7 1 - r M 
4- * + Bx . x + S t 
For superluminal t r a n s f o r m a t i o n s , then, the corresponding expressions can 
be obtained from the expressions f o r subluminal transformations by 
s u b s t i t u t i o n according t o the " r e c i p r o c i t y p r i n c i p l e " v i z . ( x , t , B ) - * ( t , x , ^ ) , 
G e n e r a l i z i n g t o three dimensions, the authors suppose t h a t f o r some p r e f e r r e d 
d i r e c t i o n i n space there i s a class o f co-ordinate systems, c a l l e d p r e f e r r e d 
co-ordinate systems, whose r e l a t i v e v e l o c i t i e s are along t h a t d i r e c t i o n ( b u t 
may have magnitude g r e a t e r or less than c) such t h a t the co-ordinates o f 
events as seen i n two o f these systems, say S and S ', are connected by the 
extended Lorentz t r a n s f o r m a t i o n equations ( 8 . 3 0 ) . For d i r e c t i o n normal t o 
t h i s p r e f e r r e d d i r e c t i o n the usual t r a n s f o r m a t i o n equations y = y 1 ; z = z'; 
h o l d . The p r e f e r r e d d i r e c t i o n i s c a l l e d the "tachyon c o r r i d o r " . Reference 
frames having v e l o c i t y l e s s than the v e l o c i t y o f l i g h t are c a l l e d c l a s s I s 
reference frames having v e l o c i t y greater than the v e l o c i t y o f l i g h t c l a s s I I „ 
The procedure f o r t r a n s f o r m i n g between a general reference frame S, o f c l a s s I 
t o a general reference frame of c l a s s I I i s , f i r s t transform from S, 
to a p r e f e r r e d reference frame o f class I , say S, then transform from S t o 
1 1 a p r e f e r r e d reference frame of class I I , say S , f i n a l l y transform from S 
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t o Sg. Each t r a n s f o r m a t i o n i s a Lorentz t r a n s f o r m a t i o n , b ut since the 
extended Lorentz t r a n s f o r m a t i o n between class I and c l a s s I I must be along 
the tachyon c o r r i d o r , t h i s introduces a p r e f e r r e d d i r e c t i o n i n space and 
thus removes Lorentz i n v a r i a n c e from the theory. 
Since the procedure also introduces a p r e f e r r e d v e l o c i t y , namely t h a t o f 
the p r e f e r r e d reference frames normal t o the tachyon c o r r i d o r , the r e s u l t 
i s not the same as u s i n g an extended Lorentz t r a n s f o r m a t i o n along the 
d i r e c t i o n o f the r e l a t i v e v e l o c i t y o f S^  and Sg. The authors claim t h a t , 
since the group p r o p e r t y i s n ot obeyed u s i n g the l a t t e r procedure, one can-
not c o n s t r u c t a c o n s i s t e n t theory u s i n g t h i s l a t t e r procedure. I t i s t h i s 
f a c t t h a t forces the i n t r o d u c t i o n o f a tachyon c o r r i d o r . S i m i l a r o b j e c t i o n s 
t o the theory o f Recami and Mignani have been r a i s e d by Y a c c a r i n i (1974) . 
However, i n a r e p l y (Recami and Mignani [ l974] ) the p r e s c r i p t i o n f o r 
i n t e r p r e t i n g transformed events described i n Section 8.1 .4 .3 i s expanded 
( i . e . t h a t m u l t i p l i c a t i o n by i i s a necessary procedure i f an observer i n a 
subluminal frame wishes t o look a t space-time through the observations o f 
an observer i n a superluminal reference frame). The d i f f i c u l t i e s i n p h y s i c a l 
i n t e r p r e t a t i o n o f such a procedure are presumably what Antippa and E v e r e t t 
o b j e c t t o , and w i t h o u t such a procedure, o f course, the theory becomes 
i n c o n s i s t e n t . 
Since the tachyon c o r r i d o r now plays the same r o l e f o r tachyons as the time 
a x i s does f o r bradyons, c l e a r l y t h i s theory i s f r e e o f any causal loops. 
That i s t o say since the component o f the wo r l d l i n e o f a bradyon along the 
time a x i s i s always i n c r e a s i n g , the component of the w o r l d l i n e o f a tachyon 
i s always i n c r e a s i n g . Hence no combination o f tachyons and bradyons can be 
used t o send a s i g n a l around a path i n space-time so t h a t i t r e t u r n s t o i t s 
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s t a r t i n g p o i n t a t a time before i t was sent. The authors are here i g n o r i n g 
the f a c t t h a t apparent causal paradoxes can be adequately d e a l t w i t h u s i n g 
R.I.P. and the i m p l i e d r e v e r s a l of r o l e s of absorption and emission. 
Before l e a v i n g t h i s theory, three experimental consequences w i l l be 
discussed:-
1 . I n a reference frame having a v e l o c i t y u i n a d i r e c t i o n perpendicular 
t o the tachyon c o r r i d o r r e l a t i v e t o a p r e f e r r e d reference frame the 
v e l o c i t y vectors o f tachyons are c o n f i n e d t o a cone whose opening angle 
-1 2 - 1 
i s o f order tan (1 - u ) 2 . Hence i t i s p o s s i b l e , depending of the 
v e l o c i t y of the e a r t h r e l a t i v e t o the tachyon c o r r i d o r e , and on what 
i s the o r i e n t a t i o n o f the experimental apparatus r e l a t i v e t o the 
p r e f e r r e d d i r e c t i o n , t h a t a p a r t i c u l a r experimental arrangement might 
be unable t o detect tachyons. 
2 . The t r a n s f o r m a t i o n equations (8.30) do not leave i n v a r i a n t the magnitude 
of the s c a l a r product o f two f o u r - v e c t o r s when t r a n s f o r m i n g t o a super-
l u m i n a l reference frame. See f o r example equation ( 8 . 2 6 ) . 
So f o r a l i g h t s i g n a l observed i n a subluminal reference frame, whose 
2 2 , 2 - . 2 f o u r - v e c t o r i s ( t , r ) then t - r = 0 . However, t - r = 0 only i f 
r = (x^ , 0, 0) i . e . i f r i s along the tachyon c o r r i d o r e . Thus a l i g h t 
s i g n a l i n class I co-ordinate systems w i l l only have speed c i n c l a s s I I 
co-ordinate systems i f , as measured by a p r e f e r r e d observer i t happens t o 
be moving along the tachyon c o r r i d o r . Hence electromagnetic f i e l d s 
associated w i t h tachyons do not i n general propagate w i t h speed c i n 
subluminal reference frames. Since such f i e l d s do n o t thus obey Maxwell's 
equations i n subluminal reference frames, the theory i m p l i e s n o t h i n g 
about the way charged tachyons' f i e l d s couple w i t h o r d i n a r y matter, i n 
p a r t i c u l a r t h e i r c o u p l i n g t o ordinary matter might be a r b i t r a r i l y weak. 
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3 . Since the theory contains a lack of invariance under rotations and 
under pure Lorentz transformations perpendicular to the tachyon corri d o r , 
i f tachyons couple to ordinary matter, one w i l l observe a lack of 
invariance even i n processes involving only bradyons because of v i r t u a l 
tachyon effects. This would appear as, f o r example, a difference i n 
the values obtained f o r the pp cross section i n two measurements taken 
w i t h the same beam 12 hours apart, when the earth's r o t a t i o n w i l l have 
caused the direction i n space of the incident beam to reverse. The 
v i o l a t i o n of r o t a t i o n a l invariance w i l l be discussed f u r t h e r below i n 
Section 8.3.1.1 t where an experimental search f o r tachyons based on such 
an e f f e c t i s reviewed. 
8.1 .4.6 Goldoni (1972) (1973a) (1973b) 
Prompted by the unsatisfactory i n t e r p r e t a t i o n scheme for the role of 
imaginary quantities proposed by Racami and Mignani, Goldoni points out 
that the four momentum of a subluminal p a r t i c l e i s not invariant under super-
luminal transformations. 
Hence since any two (or many) body interactions between a bradyon(s) and a 
tachyon(s) can only involve exchanges between those state vectors which are 
invariant under superluminal transformations, tachyons and bradyons can only 
int e r a c t by changes i n i n t e r n a l quantum numbers e.g. strangeness. 
Goldoni i n f e r s from similar considerations, i . e . demanding invariance under 
superluminal Lorentz transformations, that the introduction of tachyons can 
be j u s t i f i e d only i f we hypothesize suitable interactions between tachyons 
and bradyons which allow to i n t e r p r e t the breakdown of "slow" symmetries as 
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a process i n which some quantum numbers are exchanged between slow and fa s t 
( i . e . bradyonic and tachyonic) world. 
I n f a c t , since i t can be shown that a bradyonic f i e l d and a tachyonic f i e l d 
can only i n t e r a c t i f the two f i e l d s are massless, Goldoni deduces the 
existence of two massless p a r t i c l e s , the one slow, the other f a s t . He 
associates these p a r t i c l e s on a Feynman graph of massless f i e l d s ' i n t e r -
actions w i t h a spurion and a tadpole respectively. 
8.1 .4.7 Pavlopoulus (1 967) 
An al t e r n a t i v e solution to the problem of non-invariance under superluminal 
transformations i s to propose that Lorentz invariance i s an approximate 
invariance only v a l i d i n regions of space accessible to experiment. 
Pavlopoulus proposed that such regions can be characterised by a universal 
length of the order of the diameter of the proton, the distance of strong 
interactions, the " c l a s s i c a l radius" of electrons. These examples are 
quoted from considerations of previous authors* proposals f o r a universal 
length e.g. Pauli's (1933) considerations on the i n f i n i t e self-energy of 
electrons i n the divergencies of quantum electrodynamics. The characteristic 
-15 
length 1 — 10 m and f o r regions of space less than t h i s the hyperbolic 
wave equation OV|/= 0 i s only an approximation to a higher order p a r t i a l 
d i f f e r e n t i a l equation of the form „ 
(8.31) - i 0 2 v 4 v + nv = o 
This, however, leads to the conclusion that f o r very short wave lengths the 
group v e l o c i t y of an electromagnetic wave can exceed the v e l o c i t y of l i g h t 
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v i z . 
(8.32) group 2 2** ~ + 2 ^ k ' 
v o ' 
2 2 
f o r 1 » 1 k where k i s the wave number. This poses the experimentally 
-1 5 
v e r i f i a b l e proposition that f o r y-rays of short wave-length (~1 0 m) the 
group v e l o c i t y i s a function of wave-length. 
The range of distances over which tachyons, according to t h i s scheme, exist i s 
-15 
<10 m away from a bradyon, and they thus only take part i n strong i n t e r -
actions between bradyons confined to such regions e.g. quark-quark interactions, 
However, the physical model of an el a s t i c medium i n which a higher order 
p a r t i a l d i f f e r e n t i a l equation describes the propagation of an elastic wave 
involves the association of a vector w i t h every position, as w e l l as a scalar 
position. This implies t h a t , since these vectors constitute a preferred 
direc t i o n ( o r d i r e c t i o n s ) , the special p r i n c i p l e of r e l a t i v i t y i s v i o l a t e d 
on a micro-scale. I n p a r t i c u l a r , i n t h i s model one would not generally have 
invariance under r e f l e c t i o n ( c . f . Antippa and Everett, Section 8.1 . 4 . 6 ) . 
8.1.4.8 H. Lemke (1975a, 1975b, 1975c, 1976a, 1976b) 
This author concerns himself primarily w i t h deriving an electrodynamics of 
tachyons based on the r e a l superluminal Lorentz transformations used by 
Antippa and Everett (Section 8.1 .4 .6) . He proposes two c r i t i c i s m s of the 
electrodynamics of Recami and Mignani (Section 8.1.4.3) which i s based on 
complex superluminal Lorentz transformations. 
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/ 1 2 1 2 1 2 — 
a. ) The electromagnetic p o t e n t i a l $'c<l/(x + y + z ) 2 of a tachyon i n 
i t s rest frame transforms to J^-y^fx - v t ] 2 - [ v 2 - 1] [ y 2 + z 2 ] ) 2 
(v = tachyon speed) i n a subluminal reference frame by a complex trans-
formation. Hence 0 becomes i n f i n i t e at the surface of a cone i n space. 
Since the f i e l d s must also thus become i n f i n i t e there, t h i s implies that 
tachyons w i l l produce Cerenkov radiation i n media. However, based on 
more general arguements, Ttecami and Mignani predict that charged tachyons 
do not induce Cerenkov radiation i n subluminal media. (Appendix I 
presents a further discussion of Gerenkov radiation from tachyons.) 
b. ) From the same expression a s l i g h t l y accelerated, charged, p o i n t l i k e 
tachyon produces i n f i n i t e radiation energy and hence must immediately 
lose a l l i t s energy. On the other hand, the radiation energy i s f i n i t e 
r e l a t i v e to the tachyon r e s t frame, so by a suitable superluminal 
Lorentz transformation, one can obtain f i n i t e values of the energy 
momentum vector r e l a t i v e to a sublurainal frame. This cannot be achieved 
using the complex transformations. 
I n order not to have to invoke the existence of new p a r t i c l e s , ( c . f . Goldoni, 
Section 8.1 .4.7) Lemke assumes that the law of l i g h t speed invariance i s not 
v a l i d i n i t s most general form. I n fact a law of the equality of the trans-
verse co-ordinates of an event r e l a t i v e to a l l reference frames i s assumed to 
be more fundamental than the law of l i g h t speed invariance. 
F i n a l l y , since Lemke assumes space i s i s o t r o p i c , he does not i n t e r p r e t the 
fact that superluminal Lorentz transformations only form a group with ordinary 
Lorentz transformations i n the same direc t i o n as implying the existence of a 
tachyon corridor ( c . f . Antippa and Everett, Section 8 .1 .4 .6) . Instead he 
interprets the preferred d i r e c t i o n as being the instantaneous d i r e c t i o n of 
motion of the tachyon. 
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The derived transformation equations are i d e n t i c a l to equations (8.30). 
The transformation equations f o r the electromagnetic f i e l d s under superluminal 
transformations can have one of two forms:-
(8.33) Ex = -Ex* Hx = Hx' 
Ey = g(E*y + vHz) Hy = £(H*y - vE'z) 
Ez = £(E'Z - vH y) Hz = £(H*z + vE*y) 
or Ex = -Hx' Hx = Ex' 
(8.34) Ey = J(H'y - vE* z) Hy = J(-E* y - VH' Z ) 
Ez = £(H'Z + vE'y) Hz = £(-E' Z + vE* y) 
2 where o = 1 /(v - 1 ) 2 
Alternative (8.34) has been chosen by Recami and Mignani (1974) by requiring 
t h a t , i n analogy to the subluminal Lorentz transformations of the f i e l d s , 
Ey and Hz are transformed under a superluminal Lorentz transformation as the 
couple x and t . This implies that charged tachyons behave l i k e magnetic 
monopoles to a subluminal observer. However, i f we consider a superluminal 
reference frame to emit a charged tachyon r e l a t i v e to i t s rest frame, t h i s 
w i l l behave l i k e a magnetic monopole r e l a t i v e to that frame. Transforming 
to a subluminal reference frame, E and H must be interchanged once more, and 
the tachyon w i l l now appear as an e l e c t r i c charge r e l a t i v e to the subluminal 
reference frame. Lemke chooses equation (8.33) and thus obtains f o r the 
f i e l d of a uniformly moving charged tachyon the expression:-
(8.35) E = ( v 2 - 1) q r ^ R 3 
where R = ([x - v t ] 2 + [ v 2 / ^ " 1 ] ^ + ^D* 
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The e l e c t r i c f i e l d strength thus increases l i k e v w i t h increasing v along 
the d i r e c t i o n of f l i g h t of the tachyon, contrary to the behaviour of the 
e l e c t r i c f i e l d of a subluminal r e l a t i v i s t i c charged p a r t i c l e . Also the f i e l d 
strength normal to the dire c t i o n of f l i g h t decreases l i k e ^, hence the 
e l e c t r i c f i e l d of a tachyon i s confined to a tube along the dire c t i o n of 
f l i g h t at high values of v. 
The magnetic f i e l d l i n e s are c i r c l e s around the d i r e c t i o n of f l i g h t . At 
high v, the magnetic f i e l d i s independent of v and has the strength of the 
magnetic f i e l d of a charge moving w i t h v e l o c i t y l|y~2. This independence, 
plus the decrease i n the e l e c t r i c f i e l d normal to the l i n e of f l i g h t , has 
led other authors e.g. Parker {^SGS) to suggest that charged tachyons might 
have properties similar to those of a magnetic monopole. This i s a d i f f e r e n t 
approach to that of Recami and Mignani (op c i t ) but w i t h a similar conclusion. 
8.2 I n d i r e c t evidence f o r the existence of tachyons 
8.2.1 The isotropy of the early universe 
I n the early stages of an expanding universe, distant regions of the universe 
are receding from each other at the v e l o c i t y of l i g h t . Ordinary matter with 
PS1 i s bound by short p a r t i c l e horizons which prevent large scale communication 
i n the early stages of a big-bang universe. Hence there i s a problem i n 
understanding why the universe has been so homogeneous and isotropic r i g h t 
from the very early stages. 
N a r l i k a r and Sudashan (1 976) describe the l i f e of a tachyon produced i n the 
early stages of a big-bang universe. They conclude that the t r a j e c t o r y on 
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a space-time diagram reaches a l i m i t at some co-ordinate (^m> * m ) depending 
on the mass and i n i t i a l energy of the tachyon. The t r a j e c t o r y then travels 
backwards i n time u n t i l the noint (2r , t ) . This can be interpreted as 
v m' o' ^ 
the production of a tachyon and an antitachyon at (o, t Q ) and ( 2 r m , t Q ) 
respectively which meet and annihilate at ( r ^ , t ) . Such a tachyon -
antitachyon pair provides an e f f i c i e n t way of establishing correlations ' 
over distant parts of the universe i n the early stages. 
8.2.2 Radio sources w i t h superluminal v e l o c i t i e s 
I n a review a r t i c l e by Cohen, Kellerman , Shaffer et a l (1977) observations 
using very long baseline interferometery measurements of strong compact 
extragalactic radio sources are described. I t i s shown that nearly 50fo of 
such sources appear to be expanding w i t h v e l o c i t i e s i n the range 4 to 10 
times the ve l o c i t y of l i g h t . 
Various attempts at explaining these phenomena without invoking the 
p o s s i b i l i t y of faster than l i g h t v e l o c i t i e s have been proposed (see f o r 
example the review a r t i c l e by Blandford, McKee and Rees [1977]), but 
d i f f i c u l t i e s are encountered by a l l models since these sources seem to be 
p r i m a r i l y two components receding from each other along some preferred 
d i r e c t i o n , rather than spherically symmetric expansions. 
The combined phenomena of two bodies receding from each other at speeds 
greater than the speed of Light along some preferred d i r e c t i o n might 
indicate the presence of tachyons, but more comprehensive measurements are 
required before the more popular explanations can be dismissed. 
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8 o 3 Previous searches f o r tachyons 
8 . 3 o 1 Laboratory searches 
8o3<>1 . 1 Alvaper and Kr e i s l e r (1 9 ^ 8 ) 
This experiment hoped to detect the Cerenkov radiation emitted by a tachyon 
i n a vacuum. Since tachyons only t r a v e l a short distance, i f they do indeed 
emit Cerenkov r a d i a t i o n (see Appendix i ) , before losing a l l their energy, 
the tachyons were observed t r a v e l l i n g through an evacuated e l e c t r o s t a t i c 
f i e l d of 3 kV/cm. The tachyons were hoped to be produced by pair production 
from y-photons i n a c y l i n d r i c a l lead shield surrounding a 5~nCi cesiuia - 1 3 4 
source (main y-components: 7 9 7 keV (32%) and 6 0 5 keV ( 4 2 $ ) ) . 
The detector (a photomultiplier tube looking normal t o the d i r e c t i o n of the 
e l e c t r o s t a t i c f i e l d ) would be sensitive to charged tachyons i n the range 
0 .1 e to 2e. No peak i n the pulse height spectrum was observed and the 
authors estimate an upper l i m i t on the cross-section f o r production of 
-30 2 
tachyons by 0 . 8 keV photons i n lead of 3 . 1 0 cm . 
The experiment does rest on 3 assumptions: 
a. ) that tachyons gain energy i n an e l e c t r i c f i e l d i n the same way as 
ordinary p a r t i c l e s ; 
b. ) that the emission of Gerenkov l i g h t i n a vacuum i s not suppressed by 
any selection r u l e s ; 
c. ) that tachyons do not have a large p r o b a b i l i t y of being captured i n 
matter. 
The f a i l u r e of any one of these assumptions would change the results of t h i s 
experiment "quite drastically"„ 
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Although t h i s experiment would be sensitive to the creation of tachyons of 
any "rest mass", i t i s possible that the production cross-section i s very 
small below energies corresponding to the " r e s t mass" of the tachyon. Hence, 
the authors conclude that e f f o r t s to extend the measurements to higher 
photon energies would be j u s t i f i e d . 
3.3.1 .2 Davis, Kreisler and Alvager (1969) 
This experiment was basically the same as the previous one. The Y - s o u r c e 
60 
used (129 raCi Cq ) gave photons w i t h an average energy ~1 .2 MeV. The 
detection apparatus was two photomultipliers viewing two co-linear evacuated 
e l e c t r i c f i e l d s . The authors looked f o r coincident pulses from the two 
photomultipliers which would indicate the production of Gerenkov radiation 
by a tachyon t r a v e l l i n g along the dire c t i o n of the e l e c t r i c f i e l d s , 
4 
I n 10 seconds, seven such co-incident pulses were observed when the Y~source 
4 
was present, and seven pulses i n 10 seconds without the source. The authors 
conclude that the cross-section f o r tachyon photo-production i n lead by 
-33 2 
photons of 1 .2 MeV i s cr<1 .67. 10 era . They point out that t h i s l i m i t i s 
over eight orders of magnitude smaller than the cross-section f o r photo-
production of electron-positron pairs at the same energy. 
8.3.1 .3 Baltay, Feinberg, Yeh and Linsker (1970) 
These authors looked f o r neutral tachyons produced by capture of K and p 
at rest by protons i n a hydrogen bubble chamber. The reactions envisaged 
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where: 
( i ) K" + p */\° + t° >p + Tl" + t° 
(11) K + p >/\ + t + t ^—>»p + TX + t + t 
( i i i ) p + p *>TT+ + n" + t 0 
( i v ) p + P — > rc+ + n + t 0 + t° 
where t° and t° and respectively a neutral tachyon and antitachyon. I n 
reactions ( i ) and ( i i i ) the missing mass technique was used. The four-
momenta of the charged p a r t i c l e s involved i n these reactions are easily 
measured (using at rest kaons and antiprotons makes momentum measurements 
more accurate). Hence by p l o t t i n g a histogram of the square of the missing 
mass required to balance the equations ( i ) and ( i i i ) the presence of a 
tachyon should show up as a negative missing mass squared. (Since the 
"rest mass" of a tachyon i s imaginary.) 
Prom th e o r e t i c a l considerations (Feinberg op c i t and see Section 8.1.4»2) 
pair production of tachyons seems more l i k e l y ( i . e . reactions ( i i ) and ( i v ) ) . 
The negative missing mass squared method of searching f o r pairs of tachyons 
then only covers a small section of the spectrum available f o r th i s parameter 
when two neutral tachyons are produced. 
Out of 2348 events where the products were produced from K and p at rest no 
events w i t h a negative missing mass squared were found. The following 
l i m i t s f o r the r a t i o of the production of tachyons to the production of 
"ordinary'' p a r t i c l e s were thus deduced:-
(K" + P — • A + t°) / ( iT + P — + ru°)< 2.1 o"3 
(K-+ P »A°+ t°+^°)j(K + P > A° + rC 0)<2o5 . io" 3 
( P + P — > rx+ + rx + t 0 ) / ( p + p — * 3ir)< 2.10"3 
(5 + P — > rc + + rt + t° + t )/(£ + P — > . 4 i x ) * i .10"3 
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Hence the authors conclude that the production of neutral tachyons i n two 
ty p i c a l hadron processes i s at least three orders of magnitude smaller than 
the strong interactions. This method, though, does have the d i s t i n c t 
advantage of assuming nothing about the interactions of tachyons with 
ordinary matter. 
8.3.1 .4 Danburg, Kalbfleisch, Borenstein, Strand and Vanderburg (1971) 
These authors conducted a search f o r pairs of charged tachyons by measuring 
the momentum of the charged p a r t i c l e s produced i n the reaction K p >• A 
+ two charged tracks, f o r 2.2 GeV/c K incident on a hyArogen bubble 
chamber. The ve l o c i t i e s were measured from the curvature of the tracks i n 
a magnetic f i e l d . The method rests on three assumptions: 
a. ) Charged tachyons of a given momentum follow curved paths i n a magnetic 
f i e l d j u s t as singly charged ordinary p a r t i c l e s of the same momentum do. 
b. ) Tachyons leave ionised tracks i n the bubble chamber w i t h bubble 
densities comparable to that of ordinary p a r t i c l e s . 
c. ) The Gerenkov radiation of charged tachyons i s suppressed s u f f i c i e n t l y 
to allow i o n i s a t i o n to be the dominant energy loss mechanism. 
The analysis concentrates on reactions of the type 
K~ p —=• A x + x" (MM) 
where x i s assumed to be a pion and MM (the missing momentum required to 
balance the equation) corresponds to a negative missing energy. These events 
were then analysed to see whether they could be explained i n terms of 
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ordinary p a r t i c l e s and out of 179 events examined as possible examples of 
tachyon pa i r production v i a K p—> A t + t , no event could be thus described. 
The authors conclude with an upper l i m i t on the cross-section f o r the 
production of tachyon pairs having "rest mass" between'-100 MeV and ~1 GeV 
of 0.2 ub. 
8.3.1.5 Danburg and Kalbfleisch (1972) 
Since a tachyon has negative energy these authors looked at bubble chamber 
photographs where a proton, w i t h no incoming p a r t i c l e , r e c o i l e d , indicating 
the decay 
,o 
p • p + t 
or p v p + t + t 
These decays are energetically permissible and should be reinterpreted as 
the c o l l i s i o n of a proton w i t h an incoming ( p o s i t i v e energy) tachyon. The 
accuracy of the scanning measurements allowed the authors to distinguish 
r e c o i l protons down to a k i n e t i c energy of 4 MeV. No such tracks were found 
and based on an upper l i m i t of one spontaneous proton r e c o i l event i n 2 x 10' 
protons veiwed f o r 27 seconds, the l i f e t i m e of free protons f o r elastic 
21 
tachyonic decay via the above reactions was thus greater than 2 x 1 0 y r . 
8.3.1 .6 B a r t l e t t and LahanaQq7 2) 
These authors used the same apparatus as Davis, Kreisler and Alvager (see 
Section 8.3.1.2) f o r the production and detection of tachyons. However, 
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instead of using an e l e c t r o s t a t i c f i e l d to provrdethe energy l o s t by Gerenkov 
radiation they used a magnetic f i e l d . This i s based on the arguement 
(Recami and Mignani [1 974] and see Sections 8.1 .4.4 and 3.1 .4.8) that an 
e l e c t r i c a l l y charged tachyon should behave as a magnetic monopole. 
They found that the cross-sections for the production of such par t i c l e s by 
—36 2 —36 ' 
1 MeV y-rays i n lead and water are less than 0.6 x 10 cm and 2 x 1 0 cm' 
respectively. 
8.3.2 Searches i n the cosmic radiation 
8.3.2.1 Ramana Murthy (1 971 ) 
Ramana Murthy was the f i r s t to search f o r tachyons i n the cosmic radiation 
by making use of the fact that the part i c l e s (electrons and y-photons) i n 
the shower f r o n t of an extensive air-shower t r a v e l at or very near the speed 
of l i g h t . Hence i f a tachyon i s produced i n , say, the f i r s t interaction of a 
primary cosmic ray high i n the atmosphere - which subsequently produces an 
air-shower - then the tachyon should arrive t seconds before the air-shower„ 
I f d = distance from point of i n i t i a t i o n of air-shower to detector; 
c = v e l o c i t y of l i g h t , then t = —. 
c 
Ramana Murthy conducted his tachyon search at mountain a l t i t u d e such that 
the average height of i n i t i a t i o n of an air-shower above the apparatus i s 
~2 km. His technique d i f f e r e d s l i g h t l y from subsequent searches i n that he 
used a tachyon detector as a gate and searched f o r a s t a t i s t i c a l l y s i g n i f i c a n t 
number of air-showers associated with such a signal i n the following 20 us. 
- 138Q-
Two tachyon detectors were used f o r the gate. The f i r s t was a l i q u i d 
s c i n t i l l a t o r (75 x 75 x 22 cm"') which could detect either charged or neutral 
tachyons from the secondary electrons produced by a tachyon int e r a c t i n g w i t h 
the material of the s c i n t i l l a t o r . The second detector was based on the same 
pri n c i p l e as that used by Alvager and Kreisler (1968) (see Section 8.3.1 . 1 ) . 
Two photomultipliers viewed an a i r gap (800 m i l l i b a r s ) normal to the d i r e c t i o n 
of an e l e c t r o s t a t i c f i e l d of 2.1 kV/cm. At such a low pressure a distance of 
only 9»5 cm, the Cerenkov l i g h t produced by an ordinary charged p a r t i c l e , 
would be n e g l i g i b l e . Hence any coincidence between pulses from both photo-
m u l t i p l i e r s would be due to chance or to Gerenkov l i g h t produced by a charged 
tachyon i n a (near) vacuum. The e l e c t r i c f i e l d supplied energy to the tachyon 
so that i t could emit Cerenkov l i g h t without losing a l l of i t s energy i n the 
f i r s t f r a c t i o n of a centimeter (see Appendix i ) . The equilibrium energy of 
a singly charged tachyon emitting Gerenkov radiation i n such an ele c t r i c 
f i e l d was calculated to be 3.4 eV, the photomultipliers were sensitive to 
photons i n the range 2.3 eV to 3.4 eV. 
2 
The air-shower detector consisted of 4 x 0.26 m chronotron scintillators 
arranged i n a square array of side 10m symmetrically about the tachyon 
detectors. 
I n an operating time of 5079 hours using the l i q u i d s c i n t i l l a t o r he observed 
8271 coincidences between a p a r t i c l e depositing an energy £40 MeV i n the 
s c i n t i l l a t o r and an air-shower a r r i v i n g i n the following 19 us. (The 1 us 
immediately following the production of a pulse was excluded to avoid 
recording coincident pulses due to the f i n i t e thickness of the shower f r o n t , 
~500 ns.) The number of chance coincidences was calculated to be 8217 td^ , 
hence no evidence f o r tachyons associated with air-showers was observed. 
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In an operating time of 1 1 7 4 hours with the Cerenkov detector and the 
el e c t r i c f i e l d polarised so as to detect p o s i t i v e l y charged tachyons, 5 2 
coincidences were observed compared with an expected chance count of 
4 6 ±7.2. 
I n an operating time of 1 4 2 3 w i t h the Cerenkov detector and the e l e c t r i c 
f i e l d polarised so as to detect negatively charged tachyons, 4 4 coincidences 
were observed compared w i t h an expected chance count of 4 1 i 6 . 6 . 
A histogram of the delay time between the a r r i v a l of a tr i g g e r pulse and 
an air-shower showed no s i g n i f i c a n t departure from a random d i s t r i b u t i o n . 
13 -1 
Observing air-showers of primary energy £ . 3 . 1 0 eV at the rate of 2 0 hr , 
Ramana Murthy concludes that the frequencies of occurrence of tachyons i n 
- 4 - 5 
E.A.S. are less than 3 . 1 0 to 1 0 , r e l a t i v e to that of electrons. 
However f a i l u r e to detect tachyons, as Ramana Murthy points out, implies 
either that they do not exist or that the production and i n t e r a c t i o n 
characteristics of tachyons are such that they could not have been detected 
i n t h i s experiment. 
8.3.2.2 Ashton, Edwards and K e l l y (1970) 
I n an experiment to determine the precision w i t h which time of f l i g h t 
measurements can be made using two large ( 1 m ) area s c i n t i l l a t i o n counters 
separated by 5.30 m, these authors found no evidence f o r the presence of 
parti c l e s t r a v e l l i n g w i t h v e l o c i t i e s ^ 1 . 6 c i n cosmic rays at sea l e v e l . 
2 
For a running time of 1 .48 hr and an acceptance aperture of 19.5 cm s t , the 
l i m i t at the 90^ 5 confidence l i m i t was thus calculated to be < 2.2.10 cm 
-1 -1 
s st . This l i m i t refers t o tachyons depositing>2 MeV i n each of three 
s c i n t i l l a t o r s . 
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8.3.2.3 Clay and Crouch (1974) 
These authors conducted a sea l e v e l search f o r tachyons associated w i t h a i r -
showers of energy £2 .10 eV. They used a p l a s t i c s c i n t i l l a t o r (1 m x 5 cm) as 
a tachyon detector and fed the pulses recorded by this i n t o a d i g i t a l transient 
recorder which at any instant held a record of the previous 123 us. On the 
a r r i v a l of an air-shower (determined by a square array of side 30 m - of f i v e 
such s c i n t i l l a t o r s w i t h a f i f t h at the centre) the output of the recorder was 
fed ( a f t e r d i g i t a l to analogue conversion) was fed onto a chart recorder. I n 
this mode the tachyon detector recorded the 114 us previous to the a r r i v a l of 
an air-shower. 
Comparison of the time of a r r i v a l of the largest pulse i n the 97.5 us previous 
to the a r r i v a l of 1 ,307 air-showers with a randomly generated set of a r r i v a l 
2 -4 
times gave a ">£ p r o b a b i l i t y of 10 that the test data and the E.A.S. data 
were from the same d i s t r i b u t i o n . 
Hence the authors conclude that they have found evidence f o r non-random events 
preceding the a r r i v a l of an air-shower, and that t h i s i s the re s u l t of a 
p a r t i c l e t r a v e l l i n g with an apparent v e l o c i t y greater than that of l i g h t . 
However, Prescott (1975) points out two c r i t i c i s m s of the Clay and Crouch 
results which raise doubts as to t h e i r v a l i d i t y . 
No excess of pulses appears i n the i n t e r v a l 0 - 105 us compared with the 
i n t e r v a l 105 - 210 us, previous to the a r r i v a l of an air-shower. The main 
2 
contribution to the X. - t e s t comes from low counting rates i n the f i r s t channel 
( e a r l i e s t i n time) of the i n t e r v a l scanned. I f events i n t h i s channel were 
systematically low, then the overall results might no longer be significant„ 
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In fact Prescott found such a systematic e f f e c t because of the method of 
analysis used by Clay and Crouch i . e . selecting the largest pulse i n the 
105 us previous to the a r r i v a l of an air-shower. 
The pulses received by the transient recorder were of a double d i f f e r e n t i a t e d 
form w i t h a substantial overshoot (~3Q?6). The a r r i v a l of a pulse immediately 
p r i o r to the 105 us of tachyon sensitive time would reduce considerably the 
size of any pulse i n the f i r s t , and to a lesser extent the second, bin (Clay 
2 
and Crouch used 7.5 us wide bins f o r t h e i r X -analysis). Thus i f the 
largest pulse arrived i n the e a r l i e s t time i n t e r v a l t h i s would not be observed 
to be the largest pulse, and the number of events i n t h i s channel would thus 
by systematically low. 
By comparing the o r i g i n a l Clay and Crouch data w i t h a random d i s t r i b u t i o n low 
(0.83) i n the f i r s t channel, the two sets gave a X p r o b a b i l i t y of 0.2 of 
being from the same d i s t r i b u t i o n . (The fig u r e 0.83 was arrived at by randomly 
t r i g g e r i n g events and comparing the number of pulses i n a channel i n the f i r s t 
place w i t h the average of the same channel i n a l l other positions - thus 
i s o l a t i n g the e f f e c t of channel position from the neutral fluctuations between 
the channels.) 
I t i s worth noting that the pulses observed by Clay and Crouch were ~10/2 the 
height of the pulse produced by a r e l a t i v i s t i c (subluminal) muon. 
8o3.2.4 Crouch and Tanahashi (1974) 
These authors used a 96 us electromagnetic delay l i n e to store the pulses 
2 
from a i m s c i n t i l l a t o r at the centre of a trian g u l a r array of similar 
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detectors A, B, C. On the a r r i v a l of an air-shower s i g n i f i e d by a three 
f o l d coincidence of pulses corresponding to at least eight p a r t i c l e s 
s t r i k i n g each detector A, B and C, four sets of data from the tachyon 
detector were recorded i n sequence:-
( i ) The signals stored i n the 96 us electromagnetic delay l i n e together 
wi t h signals from the 100 usee following the air-shower. 
( i i ) A superimposed sweep w i t h the input of the oscilloscope grounded 
about 0.6 sec l a t e r , providing a reference l e v e l of measuring signal 
amplitudes. 
( i i i ) A "Random" sweep seven seconds aft e r the a i r shower displaying the 
196 usee long t r a i n of signals from the delay l i n e at that time. 
( i v ) A reference sweep w i t h oscilloscope input grounded superimposed on 
the "Random" sweep. 
(Sets of data ( i i i ) and ( i v ) were recorded w i t h the camera wound on one 
frame.) 
The "Random" sweeps are used to measure the chance coincidence r a t e , they 
also enable comparison of the time and pulse height d i s t r i b u t i o n s between 
pulses p r i o r to air-showers and random pulses which w i l l be i d e n t i c a l l y 
affected by spurious effects such as d r i f t i n detector s e n s i t i v i t y , e l e c t r i c a l 
noise pickup, etc. 
Analysis of the <time d i s t r i b u t i o n of signals preceding 1736 air-shower events 
1 5 
w i t h energy E^10 eV gave no evidence of a tachyon component i n the shower 
core. Using a s c i n t i l l a t o r with a threshold energy of 0.05 x the mean energy 
deposited by a r e l a t i v i s t i c muon, a tachyon/electron f l u x l i m i t of 0.0006 
was determined. 
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8,3.2.5 Prescott (1975 ) 0 976) 
Using a similar apparatus to Clay and Grouch (Section 8.3.2.3) Prescott 
conducted an independent search f o r tachyons. The refinements he i n t r o -
duced reduced the minimum detectable signal to 5.10 ^ the signal produced 
by a r e l a t i v i s t i c muon, and the pulse overshoot was reduced to less than 
O.50S. 
Using a (50 x 50 x 10) cm"* p l a s t i c s c i n t i l l a t o r located 17.5 m from the 
centre of the University of Adelaide air-shower array (Clay et a l [ l975]) . 
Prescott compared the d i s t r i b u t i o n i n time of a r r i v a l of pulses preceding 
5 
4315 showers of size greater than 10 p a r t i c l e s w i t h the time of a r r i v a l 
of 5715 randomly triggered events. In both sets of events the time d i s t -
r i b u t i o n of signals was found to be consistent w i t h a uniform d i s t r i b u t i o n . 
I n addition, the frequency of events i n which zero, one, two, etc. pulses 
were recorded was found to be consistent w i t h a Poisson d i s t r i b u t i o n , 
i n d i c a t i n g no tendency f o r pulses to be associated i n time. 
He thus concludes that, at the 95% confidence l i m i t , there are less than 
30 tachyons per shower (which i s comparable w i t h the t o t a l number of hadrons 
of energies > 100 GeV i n showers of size 6.10'' p a r t i c l e s ! Hence Prescott 
has observed, at the 95% confidence l i m i t , an upper l i m i t on the tachyon/ 
electron f l u x of 0,00005. 
8.3.2,6 Fegan, O'Brien, O'Brien and Porter (1975) 
These authors conducted a search f o r tachyons, associated with air-showers, 
2 
at sea-level using a 2.5 m x 5 cm pl a s t i c s c i n t i l l a t o r as the tachyon 
- 144 -
detector. This was placed at the centre of a triangular array of three 
2 
500 cm x 0,5 cm p l a s t i c detectors which provided the air-shower t r i g g e r . 
Using a 200 b i t s t a t i c s h i f t r e g i s t e r clocked at 250 kHz to record the 
pulses i n the tachyon detector, an 800 us record of the time d i s t r i b u t i o n 
of detected events i n the tachyon detector could be obtained at any instant. 
A master pulse i n h i b i t e d the r e g i s t e r 380 us a f t e r an air-shower event, and 
a record of the number of pulses i n the 420 us before to 380 us a f t e r the 
air-shower a r r i v a l was obtained. No information on the pulse heights was 
recorded, however, using two photomultipliers viewing the tachyon detector 
i n coincidence f o r 2649 showers, and a single photomultiplier f o r 1514 
showers, the authors obtained two independent sets of data:-
Mode A - demanding coincidence between the two photomultipliers 
corresponds to demanding an energy deposit i n the s c i n t i l l a t o r 
>1 MeV; 
Mode B - demanding a signal from a single photomultiplier corresponds 
to demanding an energy deposit i n the s c i n t i l l a t o r >0 .5 MeV. 
No s t a t i s t i c a l s i g n i f i c a n t deviation from random expectation on the basis 
2 
of a X test on the time d i s t r i b u t i o n of events i n the 408 us to 12 ps 
before the air-shower a r r i v a l was observed i n either Mode A or Mode B. 
1 5 
The minimum shower size detectable was 2.10 p a r t i c l e s . 
By comparing the observed number of pulses i n the 108 us to 12 us before 
the air-shower a r r i v a l w ith the number expected i n a random $6 us time 
_2 
i n t e r v a l the authors produce an upper l i m i t at the 3ff"level of 2.06.10 
-2 -2 -2 
tachyons m per shower from Mode A, and 6.58.10 tachyons m per shower 
15 
from Mode B, at a mean shower energy of 2 x 10 eV. 
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8.3.2.7 Hazen, Green, Hodson and Kass (1975 ) (1976:) 
2 2 
These authors used a 1 .44 m x 3.8 cm p l a s t i c s c i n t i l l a t o r and a transient 
recorder to record pulses between 0.03 and 0.1 times the height of a pulse 
due to a single muon that arrived i n the 170 us, previous to the a r r i v a l of 
5 
an air-shower of size >1 0 p a r t i c l e s . I n Run I they found no s t a t i s t i c a l l y 
s i g n i f i c a n t difference between the number of largest pulses detected p r i o r 
to the a r r i v a l of an air-shower and the number of largest pulses generated 
i n the same time i n t e r v a l by a "Random" t r i g g e r . The "Random" trigger was 
essentially the a r r i v a l of a small air-shower as detected by two detectors 
7 m away from the tachyon detector and separated by 7 m, tr i g g e r i n g on a 
-2 
one p a r t i c l e m threshold. 
2 
I n Run I I , two 1 .44 m pl a s t i c s c i n t i l l a t o r s were placed one above the 
other and the time d i s t r i b u t i o n of coincident pulses i n the 160 us p r i o r to 
the a r r i v a l of an air-shower was pl o t t e d . A chi-squared test indicated that 
the results could be s a t i s f a c t o r i l y represented by a f l a t d i s t r i b u t i o n . 
Based on the 190 h observing time of Run I I , where the minimum pulse observed 
was 0.02 times the pulse height due to a single muon, they calculated an 
upper l i m i t on the f l u x of tachyons at sea-level associated w i t h air-showers 
5 - 8 - 2 - 1 -1 
of size >10 p a r t i c l e s to be 10 cm s st 
They do - include i n t h e i r report (197& ) an evaluation of the l i m i t placed 
on the cross-section f o r tachyon production (assuming that the number of 
co l l i s i o n s per primary that are effective i n producing a tachyon i s 2) of 
60 times the t o t a l production corss-section of a primary cosmic ray. Their 
s t a t i s t i c a l tests would only have been sensitive i f 100 tachyons had been 
detected i n 2366 showers, they thus conclude t h i s method of searching f o r 
tachyons to be insen s i t i v e . 
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8.3.2.8 Emery, Fenton, Fenton, Greenhill and Humble (1975) 
These authors conducted two searches f o r tachyons associated with air-showers. 
The f i r s t search demanded that a tachyon produce a pulse i n one of 96 G-M 
tubes i n four 1 m x 1 m trays evenly spaced around a c i r c l e of radius 21 .2 m 
i n the 108 us before the a r r i v a l of an air-shower as detected by these 
trays of G-M tubes. They analysed 27,449 showers and observed 3,512 pulses 
which preceded these showers by up to 1 08 us. They found a 0.9 p r o b a b i l i t y 
that the time d i s t r i b u t i o n of these pulses was no d i f f e r e n t to a f l a t 
2 
d i s t r i b u t i o n , based on a X - t e s t . 
Because of the p o s s i b i l i t y (see also Chapter 9 Section 9.8 ) that a tachyon 
might not be detectable by a G-M tube they conducted a second search using 
a 75 cm diameter, 2.5 cm deep l i q u i d s c i n t i l l a t o r at the centre of the a i r -
shower detection array as a tachyon detector. This l a t t e r system registered 
pulses greater than 0.1 times the pulse height due to a single muon. I n 
9521 showers observed w i t h t h i s system they observed 3766 pulses from the 
l i q u i d s c i n t i l l a t o r i n the 108 us before each shower. They found a 0.15 
p r o b a b i l i t y that the time d i s t r i b u t i o n of these pulses could be generated 
by random sampling. 
They conclude that they found no positive evidence f o r tachyons i n association 
w i t h air-showers. 
8.4 Summary and conclusions 
8.4.1 Laboratory searches 
A l l these searches assume th a t , since tachyons can exist w i t h very low 
energies, there should be no energy threshold f o r t h e i r production. This 
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rather l i t e r a l i n t e r p r e t a t i o n of the theory of tachyons demands that 
tachj^ons should be easily produced, and the only problem i s i n t h e i r 
detection. 
The only conclusion that one can draw from such experiments i s that tachyons 
are not easily produced, or that they i n t e r a c t w i t h matter so weakly thay 
they cannot be detected. 
The technique of searching f o r Cerenkov r a d i a t i o n i n a vacuum, a unique 
signature, i s more thoroughly discussed i n Appendix I , where i t i s concluded 
that tachyons do not emit Cerenkov radiation i n a vacuum. 
8.4.2 Cosmic ray searches 
Except f o r the mountain a l t i t u d e search of Ramana Murthy, a l l authors used 
s c i n t i l l a t i o n detector (or G-M tubes) techniques to search f o r tachyons„ 
Some authors hoped f o r an inte r a c t i o n of the tachyon i n the material of 
the detector, others hoped to detect a low io n i s a t i o n loss by a tachyon 
but demanded a high rate of production. 
A l l cosmic ray searches at sea-level have concentrated on looking f o r small 
pulses and thus they tend to count noise. Table 9»2 i n Chapter 9 summarises 
the results of these searches and indicates the problems encountered i n 
searching f o r small pulses i n the noise region of the single p a r t i c l e pulse 
height spectrum (see f i g u r e caption),, 
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8.4.3 Conclusions f o r a new search 
Prom the arguements of Lemke (Section 8.1 .4.8) any electromagnetic i n t e r -
action between a tachyon and ordinary matter must take place i n a narrow 
tube along the tachyon's t r a j e c t r o y . Hence i n order to observe a tachyon 
d i r e c t l y a dense ( i . e . s o l i d ) ionisation detector i s required. I f tachyons 
cannot be detected d i r e c t l y , but only through the secondaries from t h e i r 
interactions w i t h ordinary matter, a dense target i s required e.g. lead or 
i r o n , i n order that the chances of such an i n t e r a c t i o n are improved. 
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CHAPTER 9 
A S E A R C H FOR T A C H Y O N S 
9.1 P r i n c i p l e of experiment 
The p r i n c i p l e of experiments to search f o r tachyons i n extensive a i r -
showers was f i r s t suggested and used by Ramana Murthy et a l (1971) at 
mountain a l t i t u d e and then by Clay and Crouch (1974) and many other authors 
at sea-level (see Chapter 8 ) . 
The suggestion i s that i f tachyons are produced i n high energy cosmic ray 
interactions, then they should be produced high i n the atmosphere (20 km. 
to 30 km. above sea-level) i n the f i r s t or subsequent early interactions 
of a primary cosmic ray proton f o r example with an atmospheric nucleus. 
The lack of any tachyon detection at laboratory energies ( see Chapter 8) 
indicates that i f they can be produced, there must be some energy threshold 
below which tachyons cannot be produced. At primary energies i n the region 
of 10^ GeV the secondaries have s u f f i c i e n t energy to i n i t i a t e a nuclear -
electromagnetic cascade through the atmosphere which r e s u l t s i n an extensive 
air-shower of electrons and y-photons a r r i v i n g at sea-level i n the size 
region of 10^ p a r t i c l e s . At such s u p r a - r e l a t i v i s t i c energies the shower 
fro n t v e l o c i t y i s approximately the speed of l i g h t , hence any p a r t i c l e 
produced w i t h v > c ( i . e . B>1 where B = ^ ) , w i l l arrive before the a i r -
shower. I n f a c t , i f we assume that P t a c n v o ^ °° f o r any tachyon produced 
and that we can detect air-showers a r r i v i n g with a zenith angle upto 60° , 
then f o r a tachyon-producing interaction occuring at 20 km. above sea-level, 
the tachyon should arrive some 60 us to 120 us before the air-shower. 
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The smaller times should occur most frequently due to the dominance of 
v e r t i c a l showers i . e . l(©-) = l (0)cos 0-= rate of a r r i v a l of showers at 
zenith angle 6-. The assumption B —>oo i s not urireasonable since at 
superluminal v e l o c i t i e s the lowest energy states have the highest v e l o c i t i e s 
and any energy losing i n t e r a c t i o n i n which a tachyon participates 
increases i t s v e l o c i t y . 
Hence a search f o r tachyons involves a s t a t i s t i c a l comparison between the 
number of p a r t i c l e s that are detected i n the 120 us immediately previous 
to the a r r i v a l of an air-shower and the number of par t i c l e s which are 
detected i n a randomly selected 120 us i n t e r v a l of time. Further, grouping 
of the times of a r r i v a l i n the immediate 1 20 us with a peak around 60 us 
would be i n d i c a t i v e , as would v i s u a l i d e n t i f i c a t i o n of unusual p a r t i c l e 
tracks associated with these tachyon candidates. 
The same p r i n c i p l e and conclusion can be applied to searches f o r astro-
physically produced tachyons (assuming they have a similar i n t e r a c t i o n 
length to protons i n a i r ) since the f i r s t i n t e r a c t i o n could i n i t i a t e an 
air-shower, and the arguments about the time difference between the a r r i v a l 
of the tachyon and the air-shower outlined above would then proceed 
i d e n t i c a l l y . 
9.2 The tachyon detector 
The modified flash-tube chamber described i n Chapter 6 was used as the 
tachyon detector. To detect the time separation between the passage of 
a p a r t i c l e through the chamber and the a r r i v a l of an air-shower, the 
pulses from the s c i n t i l l a t o r stacks were f e d i n t o two separate 240 us blocks 
of delay l i n e . Hence at any instant a record of the previous 240 us could 
be displayed by emptying the contents of the delay lines onto the 'y' 
channel of a C.R.O. 
The use of delay lines instead of a d i g i t a l memory does however present 
problems:-
a. ) The delay l i n e used was made of copper wire enclosed i n a f e r r i t e 
core w i t h a f i n e copper wire wrapped around i t enabling a delay 
of 1 us per foot to be obtained. The capacitative load thus i n t r o -
duced causes severe attenuation, especially of fa s t pulses (see Fig. 
9 . 1 ) . Hence each 22+0 us block had to be divided i n t o 3 x 80 us 
lengths and an amplifier inserted a f t e r each 80 us length to boost 
the amplitude. The 150 ns wide pulses produced by the s c i n t i l l a t o r 
phototubes also had to be stretched to 5 us by i n s e r t i n g a stretcher 
before the f i r s t 80 us length (see Pigs 9.2a), b ) ) . 
b. ) At each junction of the delay l i n e there i s a sudden change i n 
impedence which causes r e f l e c t i o n of pulses. This can be corrected 
by making the delay l i n e appear to be of i n f i n i t e length, by 
terminating each section with i t s characteristic impedence (1.65 K$). 
c. ) Pick-up from high voltage sparks proved a severe problem with the 
delay l i n e s . Thick copper braiding earths were used but the proximity 
of the s c i n t i l l a t o r s to the flash-tube electrodes provided a pick-up 
pulse which could not be suppressed. Each amplifier i n the delay 
l i n e blocks also picked up a small pulse when the H.T. f i r e d , hence 
the gain on each amplifier was l i m i t e d so as not to swamp the trace 
FIG. 9-1 
The attenuation of a 2}is square pulse a f t e r transmission 
down 80p,3 of delay=line. 
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w i t h " overswing" from these pick-up pulses. This d i d not prove a 
severe problem, as the experiment i n i t i a l l y intended to search f o r 
large pulses w e l l away from photomultiplier noise, i n which region 
previous searches had already found no s i g n i f i c a n t results (see 
Chapter 8). 
The s c i n t i l l a t o r stacks' c a l i b r a t i o n procedure and r e s u l t s have been 
described previously (Chapter 6). The unusual shape of the f i n a l single 
p a r t i c l e pulse height d i s t r i b u t i o n (Pig. 9.7) f o r a stack i s due to the 
acceptance geometry f o r pa r t i c l e s which go through one s c i n t i l l a t o r arid 
p a r t i c l e s which go through two s c i n t i l l a t o r s . This point i s discussed 
fur t h e r below i n the i n t e r p r e t a t i o n of the c a l i b r a t i o n data. 
The f i n a l i n t e r p r e t a t i o n of the output pulse height displayed on a C.R.O. 
depends on c a l i b r a t i o n of the intervening electronics as w e l l as 
experimentally determining an input - output pulse height curve from the 
output of the s c i n t i l l a t o r to the input of the oscilloscope using a pulse 
generator w i t h i d e n t i c a l pulses to those produced by the s c i n t i l l a t o r 
phototubes. These f i n a l curves ( f o r the upper and lower stacks) determined 
fo r the amplifier settings used during the actual experiment are shown i n 
Pig. 9 .3 , and a block diagram of the electronics used i s shown i n Pig 9.4-
The c a l i b r a t i o n of the intervening electronics has already been described 
and the r e s u l t s presented i n Chapter 6. 
For part of the run, the contents of the delay lines were displayed on a 
dual beam oscilloscope, f o r the remainder 2 beams of a 4-beam oscilloscope 
were used. I n both cases the trigger was provided by the Durham Extensive 
Air-Shower Array (see below and Chapter 6) and the displayed traces photo-
graphed. 20 us a f t e r the reception of a t r i g g e r pulse the high voltage 
Figure 9«3* Input - Output c h a r a c t e r i s t i c of c i r c u i t represented 
i n f i g . 9.4 f o r 1 gaint-settings used i i t run T27 . 
Calibrated using 200 ns square pulses. 
9 . 3 a )s Char a c t e r i s t i c f o r c i r c u i t connected t o upper 
s c i n t i l l a t o r stack (A). 
9o3"b)t C h a r a c t e r i s t i c f o r c i r c u i t connected to lower 
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pulse was applied to the flash-tubes and the r e s u l t i n g display photographed 
i n permanent darkness w i t h a shutterless camera. After each event a 10 
second dead time was imposed automatically to enable the cameras to wind on 
and the spark-gap to recover (see Chapter 2 ) . 
9 .3 Triggering procedure 
- 2 
On the a r r i v a l of a suitable air-shower, indicated by a 1 p a r t i c l e m 
- 2 
coincidence i n detectors 1 3 , 3 3 , 53 w i t h a 2 p a r t i c l e m signal from the 
central detector ( C) of the Durham Air-Shower Array (see F i g . 6,l)a t r i g g e r -
pulse i s sent to both the oscilloscope and the flash-tube chamber. The 
r e s u l t i n g display on the oscilloscope gives a visual record of the pulses 
which have been produced i n both the top and bottom s c i n t i l l a t o r stacks i n 
the 240 us immediately previous to the a r r i v a l of the air-shower. The 
flash-tube chamber photograph indicates the number of muons (mainly) 
passing through the chamber. The number of par t i c l e s seen to be passing 
through each stack can be used to c a l i b r a t e the s c i n t i l l a t o r s i n a more 
direct manner, and also acts as a check on whether the electronics are 
s t i l l functioning c o r r e c t l y . 
I n t h i s p a r t i c u l a r experiment the actual air-shower information was not 
recorded, however Figs. 9 . 5 and 9 . 6 show the range of shower sizes and 
core distances which can be detected w i t h the Durham Air-Shower Array. 
FIG 9. 5 
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9.4 Data 
Between the dates 21 st June, 1976 and 30th June, 1 9 7 6 , 7 runs were attempted. 
However many data c o l l e c t i o n f a u l t s were encountered, out of 120 hours 
sensitive time, a l l parameters ( i . e . both flash-tube chamber f i l m and 
s c i n t i l l a t o r f i l m ) were recorded f o r only 40 hours. Hence the resulting 
sample of showers has proved small v i z 341 (a mean shower detection rate 
of 12«7 hr being characteristic of t h i s t r i g g e r i n g mO.de), however t h i s 
small sample has provided an i n t r i g u i n g r e s u l t . 
9 . 5 Data analysis 
The data analysis consists of:-
( i ) Correlating the flash-tube chamber photographs w i t h the oscilloscope 
trace photographs. This was achieved by photographing a clock above 
the chamber, and a watch above the oscilloscope trace, and synchronising 
the two timers. 
( i i ) Each flash-tube chamber was scanned to see how many p a r t i c l e tracks 
appeared to go through either one s c i n t i l l a t o r or two s c i n t i l l a t o r s 
i n either the upper stack (stack A) or the lower stack (stack B) of 
s c i n t i l l a t o r s . This number was pl o t t e d (as one p a r t i c l e or two 
pa r t i c l e s depending on how many s c i n t i l l a t o r s i n a stack were passed) 
against the recorded pulse height due to the air-shower particles 
(the 'prompt' pulse). The defining layers PI a, F1b (F^a, Fffcb) ( F i g . 6.1 ) 
were used to distinguish particles which actually passed through a 
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s c i n t i l l a t o r stack from those that missed the stack but entered the 
tubes. The r e s u l t i n g scatter-plots f o r the upper and lower 
s c i n t i l l a t o r stacks are shown i n Pig. 9 . 8 and 9 . 9 . Since d i f f e r e n t 
gain settings on the amplifiers were used on each of the three 
successfully recorded runs, the pulse heights have been normalised 
to the gain settings used i n one of the runs (T2?) by comparing the 
heights of the pick-up pulses. 
Using the curve of Pig. 9 . 3 , these scatter-plots have been transformed 
to equivalent output pulse height measurements from the s c i n t i l l a t o r s , 
Pigs. 9 . 1 0 , 9 . 1 1 . F i n a l l y , since these data were intended to be used 
i n the i n t e r p r e t a t i o n of measured pulse heights of pa r t i c l e s a r r i v i n g 
p r i o r to the shower, a regression f i t of the parameter y = number of 
p a r t i c l e s going through a s c i n t i l l a t o r on x = pulse height produced 
i n s c i n t i l l a t o r has been performed on each set of data, these are the 
s t r a i g h t lines on Pigs. 9 . 1 0 , 9 .11 . 
I t i s immediately clear from Pig. 9 . 1 0 that the top s c i n t i l l a t o r stack 
w i l l only detect tachyons i f they produce a pulse i n one s c i n t i l l a t o r 
equivalent to 1+ or more r e l a t i v i s t i c p a r t i c l e s , w e l l above the height 
of a noise produced pulse (see F i g . 9 . 7 ) . However, i f the only 
information we have on the tachyon candidate i s the pulse height i t 
produces, then i n t e r p r e t a t i o n i s d i f f i c u l t because i t could have 
passed through either one or two s c i n t i l l a t o r s i n a stack. This point 
i s discussed f u r t h e r below i n the actual i n t e r p r e t a t i o n of the tachyon 
candidates' pulse heights. 
( i i i ) F i n a l l y the oscilloscope traces were scanned f o r previous p a r t i c l e 
pulses a_nd t h e i r event numbers, t (time before shower a r r i v a l ) r ' prev v ' 
Figure 9.7* The single p a r t i c l e pulse height d i s t r i b u t i o n 
f o r whole of s c i n t i l l a t o r - stack A. 
(The o r i g i n of the humped str u c t u r e i n explained 
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and pulse heights were recorded. A sketch was also made of the 
corresponding flash-tube chamber photograph to t r y and i d e n t i f y any 
unusual p a r t i c l e tracks. On each f i l m , to avoid confusion between 
r e a l p a r t i c l e pulses and pick-up pulses, a trace was made of an event 
on which there were only pick-up pulses and a prompt pulse, hence 
previous p a r t i c l e pulses on other events could easily be i d e n t i f i e d 
by projecting the oscilloscope photograph on top of the trace and 
co-ordinating the pick-up pulse positions. (This also acts as a check 
that the time-base s e t t i n g of the oscilloscope i s not wandering.) 
9 . 6 Results 
I n a t o t a l of 341 showers, previous p a r t i c l e pulses were observed i n 6 
instances i n stack A, and 2 instances i n stack B. The time d i s t r i b u t i o n s 
of these events are shown i n Fig. 9 . 1 2 , 9 . 1 3 and a table of the events w i t h 
the various measured parameters i s presented as table 9 .1 . No coincident 
events were observed. 
The bottom s c i n t i l l a t o r stack was found to give a consistently lower 
frequency of pulses for a given number of shower pa r t i c l e s (compare the 
number of points i n Fig. 9 . 9 w i t h the number of points i n Fig. 9 . 8 ) . I n 
the t h i r d (and f i n a l ) successfully recorded run the oscilloscope trace 
corresponding to the lower stack showed only pulses corresponding to pick-
up from the spark gap. 
The f a u l t was traced to an amplifier i n the delay l i n e / a m p l i f i e r configuration. 
Since t h i s f a u l t could have been a gradual deterioration e f f e c t a l l data from 
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the lower stack should be regarded w i t h some suspicion. Consequently i n 
the analysis that follows, only the information from the upper stack (A) 
w i l l be considered. 
9 . 7 Discussion of results 
9 . 7 . 1 Pulse heights 
The method of c a l i b r a t i n g from the pulse heights corresponding to shower 
part i c l e s involves counting a p a r t i c l e which i s deemed to have passed through 
2 s c i n t i l l a t o r s , one on top of the other, as equivalent to the sum of 2 
single p a r t i c l e pulse heights. Fig. 9 . 7 indicates that these sort of events 
outnumber those events which pass through a single s c i n t i l l a t o r (the kink 
i n the single p a r t i c l e pulse height d i s t r i b u t i o n - Fig. 6 . 1 0 - at ~120 mV) 
i n the r a t i o 3 : 2 . This r e f l e c t s the available s o l i d angles f o r c o l l e c t i o n 
of each type of event. 
Hence, from the 6 tachyon candidates roughly h a l f of these w i l l have passed 
through 2 s c i n t i l l a t o r s , and half through one. From table 9 .1 i t can be 
seen (considering stack A only) that roughly 3 tachyon candidates gave 
pulses between 300 and 400 mV (corresponding to three times the s.p.p.h. 
from a p a r t i c l e passing through a single s c i n t i l l a t o r ) whereas 3 gave pulses 
> 5 0 0 mV (corresponding to three times the single p a r t i c l e pulse height from 
a p a r t i c l e passing through t w o . s c i n t i l l a t o r s ) . Hence, despite the 
apparent 4 p a r t i c l e r e s u l t from the c a l i b r a t i o n curve ( F i g . 9 . 1 0 ) , i t would 
appear reasonable to suggest (conservatively) that the pulses are due to 
p a r t i c l e s i o n i s i n g at 3 times the rate of a single (sub-luminal) r e l a t i v i s t i c 
FIG. 9 12 
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Figure 9.12f The frequency d i s t r i b u t i o n of the time of a r r i v a l o f 
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Figure 9o 3* The frequency d i s t r i b u t i o n of * p r e v lower 
s c i n t i l l a t o r - s t a o k ( B ) . 
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p a r t i c l e . This reduces the s t a t i s t i c a l significance of the r e s u l t , but 
increases the r e l i a b i l i t y of the significance estimate. 
9.7.2 Flash-tube chamber photographs 
Pigs. 9. 14, 15, 16, 17, 18 show tome ! c^. ^ he^ photographs corresponding 
to the events l i s t e d i n table 9.1. 
I t i s immediately c l e a r that not every previous p a r t i c l e pulse has a 
corresponding p a r t i c l e track candidate. In f a c t , ob&©rvaid.OS.'»Fi."^ .^\c| shows 
the actually recorded oscilloscope traces for each event of table 9.1 -has 
i n d i c a t e ^ that there i s not always a discernible p a r t i c l e t r a c k ( s ) 
responsible for the prompt air-shower pulse. 
The occurrence of a prompt air-shower pulse from the s c i n t i l l a t o r under the 
iron with no v i s i b l e p a r t i c l e tracks indicates that the electrons responsible 
for t h i s pulse must be of low energy and widely scattered. Hence they 
produce no coherent p a r t i c l e tracks i n the flash-tubes. The absence of any 
track in PI a indicates that the interaction i n the iron responsible for 
producing such electrons must be due to a neutron i n the shower. S i m i l a r l y 
the pulse due to a p a r t i c l e a r r i v i n g previous to the shower could be due to 
the production of low energy, widely scattered electrons by a low energy 
transfer nuclear interaction of a tachyon i n the iron. I t i s i n t e r e s t i n g 
to note that as the velocity of a tachyon increases, so i t s energy decreases, 
hence we should only expect low energy transfer interactions from f a s t tachyons. 
Figure 9«14: Event no. 90 on film T 2 6 ; ; t p r e v = 66 JIS from oscilloscope 
trace from stack A, there was no coincident pulse from 
scintallivtor stack B„ The low effici e n c y track present 
corresponds to a "fcp r e v °? 1^0 -20^ts for a charge e 
p a r t i c l e • 

Figure 9<>15: Oscilloscope trace corresponding to figure Sofl+e 
1 I 
Figure 9»Ah: Event no. 29 on film T27; t = 93 Us from oscilloscope • prev ' 
trace from stack A, there was no coincident pulse from 
s c i n t i l l a t o r stack B. The low e f f i c i e n c y track present 
• + corresponds to a t of 188 -1:2 us for a charge e e prev ' 
particleo 

Figure 9ol7«* Oscilloscope trace corresponding to event no. 78 
oa fi l m T27, t = 120 us. 
prev / 
<^4 
Figure 9„-f8: Oscilloscope trace corresponding to event no© 79 on f i l m 
T 2 7> V e v = 
4* 
1 
F i g u r e 9»i9» 
The o s c i l l o s c o p e t r a c e s f or the s i x previous p a r t i c l e candidates. 
Films T26, T27 are from the s i n g l e screen o s c i l l o s c o p e , T34 from 
the 4^heam oscilloscope,, 
D i f f e r e n t gains have been used i n each f i l m hence the d i f f e r e n t 
piok-up pulse s i z e s . 
The previous pa r t i c l e ^ pulses are marked' ^  ?.the prompt pulse's 
expected position, i s marked J »A11 other pulses that appear f 
appeared I d e n t i c a l l y on; every frame of the corresponding- film.. 
The two large pulses separated by 240 p.s correspond to d i r e c t p i c k -
up by the o s c i l l o s c o p e and a m p l i f i e r 3, and pick-up by the s c i n t i l l a t o r 
/adder/stretcher e l e c t r o n i c s ; the l a t t e r pulse thus t r a v e l s down; the 
d e l a y - l i n e . The time-difference between each pick-up pulse i n run 
T27 i s 80 fXB, these pulses must be due to pick-up by a m p l i f i e r s 1 
and 2. 
The time-difference between the prompt a i r shower pulse and the 
s c i n t i l l a t o r / a d d e r / s t r e t c h e r pick-up pulse corresponds to the time-
delay between the a r r i v a l of an air-shower and the a p p l i c a t i o n of the 
high-voltage pulse (- 8 k v c ) to the electrodes of the flash-tube 
chamber. 
A l l pick-up i s from t h i s pulse v i a the mains and power-supplies 
of the e l e c t r o n i c s . 
P»u 0 = pick-up pulse-
T => previous p a r t i c l e pulse. 
FIG. 9 19 Posn. of prompt 
pulse. 
T 2 6 - 9 0 
tprev = 66jus 
240>us 
T 2 7 - 29 
tprev = 93JJS p.u. p.u. 
240jus 
T 2 7 - 78 
tprev = 120jus ^ nr p.u. p.u. 
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I n two of the F i g s . 9•'14, 9.15 low e f f i c i e n c y tracks can be seen i n the 
main body of the chamber. I n neither case do these tracks appear to be 
p a r a l l e l to the shower a r r i v a l d i r e c t i o n . However, both tracks appear to 
be due to low momentum stable p a r t i c l e s , both showing strong scattering 
towards the lower end. Their measured e f f i c i e n c i e s a r e ^ 3 standard 
deviations away from the expected e f f i c i e n c y of a singly charged p a r t i c l e 
passing through the chamber at a time previous to the application of the 
high voltage pulse equal to the time measured for the previous p a r t i c l e s . 
However, they cannot be responsible for the previous p a r t i c l e pulses, since 
i f they are ionising at 3 times the l e v e l of a singly charged p a r t i c l e then 
thei r measured e f f i c i e n c i e s indicate that they must have passed through the 
chamber (30 ±15) us before the time registered by the pulse from the 
s c i n t i l l a t o r stack. Alternatively i f these p a r t i c l e s were ionising at a 
rate equivalent to that of a singly charged p a r t i c l e , the c a l i b r a t i o n data 
indicate that they would not have produced a measurable pulse (through the 
delay l i n e s ) i n the s c i n t i l l a t o r stack. 
From a scan of a l l the events ( i r r e s p e c t i v e of s c i n t i l l a t o r response) the 
rate of such low e f f i c i e n c y tracks (defined as a track with ^.0.5 the 
e f f i c i e n c y of the shower p a r t i c l e s i n F2a)was found to be 0.04 per shower. 
The probability that out of the f i v e selected events (one tachyon candidate 
had no corresponding flash-tube photograph), 2 would have such "background 
tracks" i s just under 2^, which i s not inconceivable. 
A measurement of the e f f i c i e n c y of response of the chamber to prompt a i r -
shower p a r t i c l e s has been made by counting the number of flashes i n P2a + 
F2b f o r each track which passed through a l l the defining layers (see Chapter 
The r e s u l t s are shown i n Pig. 9.20, and the mean i n t e r n a l efficiency (see 
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Chapter 2 ) found t o be 91 .8% w i t h a standard e r r o r o f 5 .5%. This f i g u r e 
should be compared w i t h Lloyds ( 1 9 6 0 ) t h e o r e t i c a l p r e d i c t i o n o f 88 .5% f o r 
a f q = J a t a time delay o f 20 us ( see Chapter 2 f o r d e f i n i t i o n o f a f q ) . 
Hence i f the previous p a r t i c l e s are i o n i s i n g a t three times the l e v e l o f a 
s i n g l y charged r e l a t i v i s t i c p a r t i c l e , then f o r time delays 50 us to 1 40 us 
between the passage of the p a r t i c l e and the a p p l i c a t i o n o f the high 
v o l t a g e , they should produce t r a c k s w i t h e f f i c i e n c i e s i n the range 80% t o 
90%, i n d i s t i n g u i s h a b l e from the prompt air-shower p a r t i c l e s . 
Below, a comparison i s made between the d i r e c t i o n o f the shower and the time 
of a r r i v a l o f the previous p a r t i c l e . I n order t o support the assumption 
t h a t the d i r e c t i o n o f the shower p a r t i c l e s i n the chamber represents the 
a r r i v a l d i r e c t i o n ( i n p r o j e c t i o n ) o f the shower a comparison has been made 
between the p r e d i c t e d and observed p r o j e c t e d angle d i s t r i b u t i o n (see F i g . 9 .21 
and Appendix V ) . 
9 . 7 . 3 The s i g n i f i c a n c e of the r e s u l t s 
I n order t o penetrate the lead - i r o n barytes b r i c k s h i e l d i n g a r e l a t i v i s t i c 
muon needs >0.8 GeV. The r a t e o f a r r i v a l from a l l d i r e c t i o n s o f muons a t 
-3 - 2 - 1 - 1 
s e a - l e v e l w i t h energies greater than 0 . 8 GeV i s 7 . 8 1 . 1 0 cm s t s 
( A l l k o f f e r e t a l [ l 9 7 l ] ) . Since the tachybn d e t e c t o r ( s c i n t i l l a t o r stack A) 
2 
covers 2 5 , 1 9 0 cm , and the time a v a i l a b l e f o r observing muons i s 81 ,8i+0 us 
(number of showers x l e n g t h of delay l i n e ) , the s o l i d angle of acceptance 
being ^ s t (where l(©-) = I^os11©- represents the dependence o f the 
i n t e n s i t y o f muons on z e n i t h angle ©-) and n = 2 , the expected number o f 
F i g u r e 9«20 D i s t r i b u t i o n i n frequency o f t h e number o f tubes f l a s h e d 
i n P2a + F2b (94 tubes) f o r a l l t r a c k s t h a t passed 
t h r o u g h Fla,b F2af.b F3a 5b 0 
Mean i n t e r n a l e f f i c i e n c y « 91.8$/.- _ 
.Standard e r r o r a 5o5^ 
( P r e d i c t e d e f f i c i e n c y from L l o y d (1960) f o r 
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precursors passing through the stack i n the t o t a l observation time i s 25 ± 5 
(assuming random fluctuations)„ 
According t o P i g . 9 » 7 however, because of the h i g h lower l i m i t on observable 
pulses (300mV corresponding t o 3mV a t output o f the e l e c t r o n i c s ) we s h o u l d 
o n l y observe 3% o f these i . e . 1 Q'QJ' Since 6 such pulses were observed, 
the r e s u l t s i g n i f i c a n t l y d i f f e r s from the r e s u l t we should expect due to 
random background p a r t i c l e s . (The p r o b a b i l i t y o f observing 6 when the mean 
number expected i s 1 and the d i s t r i b u t i o n i n Poissonion i s 5*11 .10~^") . I f 
we now compare the number o f previous p a r t i c l e s which a r r i v e d i n the 120 us 
i n t e r v a l immediately previous to the a r r i v a l of an air-shower (tachyon 
candidates) w i t h the number t h a t were observed i n the time i n t e r v a l 120 us 
before t h a t . 120 yus t i o v e - i f t t e r v q l : • (random background) we f i n d t h a t a l l 
the pulses were observed i n the tachyon cqndidates time i n t e r v a l . The 
p r o b a b i l i t y t h a t t h i s i s due t o chance i s (j)^ = 0 . 0 1 6 . Hence the t o t a l 
p r o b a b i l i t y t h a t the r e s u l t s are due t o f l u c t u a t i o n s i n the random background 
r a d i a t i o n = 8 . 1 0 
The time d i s t r i b u t i o n o f F i g . 9 . 1 2 i s suggestive (tachyons from v e r t i c a l 
showers t r a v e l l i n g a t i n f i n i t e v e l o c i t y would be expected t o a r r i v e between 
2*0 and 80 us. before the a r r i v a l of the shower, depending on the h e i g h t o f 
p r o d u c t i o n ) . 
I f we assume t h a t the d i r e c t i o n o f a r r i v a l o f the muon group t r a v e l l i n g 
through the chamber i s r e p r e s e n t a t i v e o f the air-shower a r r i v a l d i r e c t i o n , 
then we can p r e d i c t the a r r i v a l time o f a tachyon associated w i t h t h i s shower 
f o r v a r i o u s heights of p r o d u c t i o n . Assuming t h a t , i f produced, a tachyon i s 
produced i n the f i r s t c o l l i s i o n o f a primary cosmic r a y proton ( f o r example), 
then the shape of the t - cosfreurve can be p r e d i c t e d from the p r o b a b i l i t y 
F i g u r e 9<>21 s The d i s t r i b u t i o n i n & f o r t h e muons observed i n t h e 
: i f l a s h : — tube chamber i n a sample o f 34 showers o f 
5 
s i z e g r e a t e r than 10 p a r t i c l e s a t s e a - l e v e l . The 
con t i n u o u s curves show the p r e d i c t e d d i s t r i b u t i o n s 
i n p r o j e c t e d z e n i t h angle a c o r d i n g t o t h e method o f 
L o v a t i . f o r a d i s t r i b u t i o n o f the form 
I(er) = l(G)»cosn'(eO f o r n=4?8rl2«, 









i n Ln Ln 
ADuanba j^ 
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o f a proton i n t e r a c t i n g a t var i o u s heights i n the atmosphere. (The curve 
would be the same i f a tachyon ( a s t r o p h y s i c a l ) i n i t i a t e d the shower p r o v i d e d 
t h a t the mean i n t e r a c t i o n l e n g t h i n a i r i s the sajne f o r tachyons as i t i s 
f o r r e l a t i v i s t i c protons.) 
These p r e d i c t i o n s are shown i n F i g . 9.22 assuming B = oo f o r the tachyon. 
The experimental p o i n t s are also p l o t t e d , i t i s c l e a r t h a t most of the 
detected s i g n a l s c o u l d have been produced by t h i s simple model, however 
the p o i n t a t 120 us i s an u n l i k e l y candidate, because the air-shower would 
have had t o o r i g i n a t e beyond the l i m i t s o f the atmosphere ( a t a height o f 
40 km). 
9.8 Comparison w i t h previous searches 
A review of previous searches has been presented i n Chapter 8, ta b l e 9.2 
l i s t s the sea-l e v e l searches i n cosmic rays which are d i r e c t l y comparable 
w i t h the above reported search. A l l the experimenters (see Column 8) 
searched f o r small s i g n a l s , presumably f o r comparison w i t h Clay and Crouch's 
- l a t e r d i s c r e d i t e d - r e s u l t s . The o b j e c t o f t a b l e 9.2 i s t o show t h a t 
using unshielded d e t e c t o r s and small s i g n a l response, a l l but one 
(Emery e t a l , see below) were counting mainly noise. Column 6 o f t a b l e 9.2 
2 
shows the expected number o f muons w i t h momentum p > muc ( i . e . r e l a t i v i s t i c ) 
which each experiment should have detected t a k i n g i n t o c o n s i d e r a t i o n the area 
o f tachyon d e t e c t o r , the t o t a l s e n s i t i v e time f o r d e t e c t i n g tachyons 
( t y p i c a l l y , number o f showers x 120 us) and the s o l i d angle f o r acceptance 
2TT 
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( 1 9 7 6 ) have pointed out s i m i l a r remarks i n a r e p o r t on t h e i r own experiment. 
The search by Emery et a l (1975) using geiger tubes should have detected the 
same s i g n i f i c a n t bunching as the present experiment, since columns 5 a^d 6 
i n d i c a t e t h a t they were d e t e c t i n g s i g n a l s above those due t o background 
(noise) e f f e c t s f o r about 67% of the time. 
However, i t i s d i f f i c u l t t o estimate the s e n s i t i v e area and s o l i d angle o f 
acceptance o f t h e i r apparatus (crossed geiger tubes), and perhaps the 
response of a geiger tube to f a s t e r than l i g h t p a r t i c l e s should not be 
compared w i t h the response of a p l a s t i c s c i n t i l l a t o r . They themselves 
admitted t h i s l a t t e r p o s s i b i l i t y and ran a second experiment (Emery e t a l 
op c i t ) u s i n g a s c i n t i l l a t o r , but there they too seem t o have been c o u n t i n g 
noise (see t a b l e 3.2, row 3 ) . 
One major d i f f e r e n c e between the present search and previous searches i s 
the f a c t t h a t the s c i n t i l l a t o r s i n stack A are shielded by 15 cms of lead 
and 15 cms o f i r o n . I t i s possible t h a t the s i g n a l s detected as previous 
p a r t i c l e s were i n f a c t due t o the secondaries from nuclear i n t e r a c t i o n s o f 
a tachyon i n the i r o n . This could provide an a l t e r n a t i v e explanation f o r 
the apparently h i g h l y i o n i s i n g p r o p e r t i e s o f these previous p a r t i c l e s i . e . 
t h a t they produce several s i n g l y charged subluminal p a r t i c l e s such as pions 
which are then detected by the s c i n t i l l a t o r . I f these are spread over a 
large angle they would leave no trace i n the f l a s h - t u b e s . 
No such nuclear i n t e r a c t i o n s would be l i k e l y i n the case o f an unshielded 
tachyon d e t e c t o r , since the p r o b a b i l i t y f o r a nuclear i n t e r a c t i o n i n a i r 
i s v e ry small compared w i t h t h a t f o r l e a d or i r o n . T h i s could be the reason 
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they should - assuming a l l f a c t o r s t o be comparable between a s c i n t i l l a t o r 
and a geiger tube f o r d e t e c t i n g charged tachyons - have observed a 25% 
excess o f s i g n a l s i n the 120 us previous t o the air-shower a r r i v a l (see 
Column 8 o f t a b l e 9.2). 
R e f e r r i n g back t o the p o i n t f i r s t brought up by Emery et a l t h a t perhaps 
gaseous ( g i e g e r tubes, f l a s h - t u b e s ) d e t e c t o r s are not comparable w i t h s o l i d 
( s c i n t i l l a t o r s ) detectors i n d e t e c t i n g charged tachyons, t h i s might be 
because the detected s i g n a l i s not an i o n i s a t i o n pulse but a Gerenkov pulse. 
Both energy loss processes are discussed i n Chapter 8, hov/ever i t i s c l e a r 
t h a t f o r a narrow e l e c t r i c f i e l d streaming out behind the tachyon, the 
p r o b a b i l i t y o f producing a Cerenkov pulse i n a s o l i d d e t e c t o r would be 
much higher than i n a gaseous d e t e c t o r . 
9 . 9 Conclusion 
I n a search f o r h i g h l y i o n i s i n g ( three times the i o n i s a t i o n o f a charge e 
subluminal r e l a t i v i s t i c p a r t i c l e ) p a r t i c l e s i n the 22+0 us previous to the 
a r r i v a l o f an extensive a i r shower i n the s i z e range 10^ t o 10^ p a r t i c l e s 
at s e a - l e v e l 6 events have been observed. This r e s u l t i s i n i t s e l f 
s i g n i f i c a n t , since only one event was expected (on average), however, a l l 
6 events were found t o occur i n the f i r s t 1 20 us immediately p r i o r t o the 
shower's a r r i v a l . The p r o b a b i l i t y of these s t i l l being due t o the back-
ground ( u n r e l a t e d ) muon component o f the cosmic r a d i a t i o n i s reduced t o 
8.10" 6. 
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A simple model f o r tachyon production and propagation seems t o describe the 
r e s u l t s f a i r l y w e l l i n d i c a t i n g t h a t most o f these pulses c o u l d be due t o 
tachyons t r a v e l l i n g a t v e r y high v e l o c i t i e s (]3»c) produced high i n the 
atmosphere. 
None o f the events gave r i s e t o unusual t r a c k s i n the f l a s h - t u b e chamber, 
however i f they behave l i k e o r d i n a r y r e l a t i v i s t i c p a r t i c l e s w i t h high 
(~3 times as much) i o n i s i n g power, then t h e i r tracks would be i n d i s t i n g u i s h a b l e 
from those due t o p a r t i c l e s i n the shower. 
Previous searches have f a i l e d because they were l o o k i n g f o r low i o n i s i n g 
r a t h e r than h i g h l y i o n i s i n g p a r t i c l e s . However f u r t h e r considerations on 
the l a c k o f response of the flash-tubes and the negative r e s u l t s of a search 
w i t h geiger tubes (Emery e t a l ) . suggest t h a t e i t h e r tachyons can only be 
observed t o i o n i s e i n dense media i . e . s o l i d d e t e c t o r s , or by the products 
o f t h e i r i n t e r a c t i o n s i n dense t a r g e t s . 
Note added i n proof: 
A search f o r tachyons associated w i t h air-showers a t mountain a l t i t u d e has 
r e c e n t l y been r e p o r t e d by S. K. Gupta (Bhat e t a l 1979) as d e t e c t i n g no 
f l u x (<2 . 3*10 cm s s t at the 35% confidence l e v e l ) of tachyons i o n i s i n g 
at ^ 3 times the i o n i s a t i o n r a t e of a r e l a t i v i s t i c muon under j67 g.cm of l e a d 
and i r o n absorber i n a t o t a l running time o f 1872 h r s . (mode 2 ) . The apparent 
c o n t r a d i c t i o n between these two r e s u l t s could be due t o the d i f f e r e n c e i n 
thick n e s s of the s c i n t i l l a t i n g m a t e r i a l used (1 cm. as opposed t o 5 cms 0) or 
t a r g e t (167 g.cm & s opposed t o 288 g.cm ), but can only be resolved by 
a r e r u n o f the above described experiment without the p o s s i b i l i t y o f any 
high v o l t a g e pick-up pulses. 
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CHAPTER 10 
M E A S U R E M E N T S $N M U O N S 
I N A I R - S H O W E R S 
10.1 I n t r o d u c t i o n 
Because they are l e p t o n s , muons only i n t e r a c t weakly w i t h matter. Hence 
the muon component o f an air-shower grows and maximises, but decays only 
s l o w l y . Studies o f the muon component a t s e a - l e v e l thus gives i n f o r m a t i o n 
on the e a r l y stages o f air-shower development. 
The l a t e r a l d i s t r i b u t i o n o f muons a t sea-level depends on the mean transverse 
momentum p o f the pions produced i n the l a t e r i n t e r a c t i o n s o f the hadronic 
core o f the air-shower. However, since the muons only i n t e r a c t weakly w i t h 
matter, t h e i r l a t e r a l d i s t r i b u t i o n also gives i n f o r m a t i o n on the h e i g h t o f 
production o f muons. This i n t u r n r e f l e c t s the m u l t i p l i c i t y o f pions 
produced i n the e a r l y i n t e r a c t i o n s o f the hadronic core of the shower. 
Studies on low energy 0^10 GeV) muons are u s e f u l since they come from pion 
i n t e r a c t i o n s a t around 10^GeV where the p^ d i s t r i b u t i o n s are w e l l known from 
a c c e l e r a t o r s t u d i e s . Hence i n f o r m a t i o n can be gained on the m u l t i p l i c i t y o f 
pions produced a t energies around lO^GeV. 
I n t e r p r e t a t i o n o f such data i n i s o l a t i o n i s ambiguous, however, i n combination 
w i t h measurements on the hadronic and electromagnetic components l i g h t can be 
shed on the composition of the primary r a d i a t i o n producing air-showers of 
5 7 10 - 10 p a r t i c l e s . 
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10,2 P r i n c i p l e o f the method o f determining the l a t e r a l d i s t r i b u t i o n 
The f l a s h - t u b e chamber can be used as a v i s u a l d e t e c t o r of muon d e n s i t i e s . 
The lead and i r o n absorbers above the main body o f flash-tubes provide an 
energy t h r e s h o l d below which muons would not reach the f l a s h - t u b e s . The 
l a t e r a l d i s t r i b u t i o n and shower s i z e dependence o f muons can be determined 
u s i n g the methods described i n Chapter 7 . 
I n p a r t i c u l a r , besides determining the o v e r a l l l a t e r a l d i s t r i b u t i o n o f 
muons above a c e r t a i n energy Eu, the dependence o f the number o f muons Nu 
on shower size Ne can be i n v e s t i g a t e d a t v a r y i n g distances from the core o f 
the shower. 
10.3 Review o f previous measurements 
The m a j o r i t y o f measurements on the l a t e r a l d i s t r i b u t i o n o f low energy muons 
are s l i g h t l y broader than expected from the standard (C K P) model i n d i c a t i n g 
(see Section 10 .1 ) a m u l t i p l i c i t y o f secondary p a r t i c l e s i n the e a r l y i n t e r -
a c t i o n s greater than t h a t assumed (see P i g . 1 0 . 2 ) . 
Above 20m from the core, the data are w e l l described by the e m p i r i c a l 
formula devised by Greisen and co-workers (Bennet e t a l [1 962]). A c o l l e c t i o n 
o f previous measurements are presented i n P i g . 10.1 (W dowczyk [ l 9731) and 
compared w i t h the Greisen curve. A l l the data r e f e r t o Eu> 1 GeV, and the 
Greisen curve has the form. 
where r i s expressed i n metres and E i n GeV. This formula i s v a l i d f o r 
E = 1 - 10 GeV. 
of muons 
(10 .1 ) 
0 . 0.75 0.75 0.1 l+r 51 14.4r Ne (Ne, r ) 
2.5 73 E + 50/I E + 2 (1 + r / 3 2 0 ) 10 
A: summary o f p r e v i o u s measurements o f the l a t e r a l d i s t r i b u t i o n 
o f muons o f energy ^ 1 OeV ( a f t e r Wdowcssyk % 973). The 
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More r e c e n t l y attempts have been made t o p r e d i c t the l a t e r a l d i s t r i b u t i o n 
o f low energy rauons by assuming various primary compositions and i n t e r a c t i o n 
models and c a l c u l a t i n g the sea-l e v e l l a t e r a l d i s t r i b u t i o n s by Monte Carlo 
techniques ( G r e i d e r [1970, 1972], Gaisser e t a l [ l 9 7 8 ] ) . 
P i g . 10.2 presents a comparison o f lew energy data w i t h such t h e o r e t i c a l 
p r e d i c t i o n s ( G r e i d e r [ l 9 7 7 ] ) . Curves 1 - 3 are based on pr o t o n primaries 
whereas curve 4 i s based on i r o n p r i m a r i e s . Curve 1 represents a model 
(S M P B) based on the pro d u c t i o n of s e v e r a l intermediate f i r e b a l l s moving 
slowly i n the centre of mass frame i n the nuclear i n t e r a c t i o n s ; curve 2 
represents a model based on 2 i n t e r m e d i a t e f i r e b a l l s moving apart i n the 
centre o f mass frame; curve 3 i s the same as curve 2 b u t w i t h r i s i n g cross 
sections assumed; curve 1+ i s also a S M P B model. More d e t a i l e d d e s c r i p -
t i o n s o f the models can be found i n Greider ( 1 9 7 0 ) . 
I f we consider only proton i n i t i a t e d showers then the data are more 
compatible v / i t h a mean m u l t i p l i c i t y dependence of secondaries <n> o f s)°^~> 
s 
to s^"^ r a t h e r than s ^ * ^ ( t h e dependence o f the standard (C K P) model). 
(See P i g . 1 0 . 2 . ) 
A l l discussions of the dependence of the number of muons N u on shower s i z e 
Ne (e.g. Vi' dowczyk (op c i t ) , Gaisser e t a l (op c i t ) ) conclude thatc ( * 0 . 7 5 
(where N o< N ) . There have been no attempts t o d i s t i n g u i s h any dependence u e 
of <X on core di s t a n c e , since any systematic dependence would be d i f f i c u l t 
t o j u s t i f y according to c u r r e n t models o f shower development. 
FIG. 10-2 
A summary o f p r e v i o u s measurements o f t h e l a t e r a l d i s t r i b u t i o n o f low 
energy muons ( a f t e r G r e i d e r i 9 7 7) . The curves are t h e r e s u l t s o f 
s i m u l a t i o n s a c c o r d i n g t o d i f f e r e n t models (see t e x t ) and p r i m a r y 
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10.4 The method o f measuring the l a t e r a l d i s t r i b u t i o n o f muons 
10,4.1 The muon d e n s i t y measurements 
The f l a s h - t u b e chamber was t r i g g e r e d by a "standard" air-shower t r i g g e r 
(see Chapter 6, S e c t i o n 6.3), the chamber being photographed as described 
i n Chapter 2. The time delay between the occurrence of a t r i g g e r pulse 
and the a p p l i c a t i o n o f the H.T. pulse was 20 us. A summary o f the bas i c 
data c o l l e c t i o n d e t a i l s i s presented i n Table 10.1 . 
The photographs were scanned by p r o j e c t i n g onto a 1:20 scale drawing o f the 
f r o n t view o f the chamber ( F i g . 10.3) . The number of muons passing through 
the c e n t r a l space between F2 and F3 were counted. A muon tra c k was defined 
by a t l e a s t two c o - l i n e a r flashes i n both F2 and F j , i n the cases where 
more than one t r a c k were observed, only tracks p a r a l l e l t o w i t h i n -2° were 
counted, n o n - p a r a l l e l tracks were a t t r i b u t e d t o background t r a c k s ( i . e . 
muons unassociated w i t h the air-3hower b u t a r r i v i n g i n the 140 us p r i o r t o 
the a p p l i c a t i o n o f the H.T. pulse - t h i s being the time delay d u r i n g which a 
muon t r a c k could s t i l l be v i s i b l e ) . 
The energy o f the muons was determined by the f a c t t h a t they had t o pass 
through 15 cm of l e a d , 15 cm o f i r o n , and a t l e a s t 60 l a y e r s of f l a s h - t u b e s 
and accompanying aluminium e l e c t r o d e s . The t o t a l amount of matter t h a t had 
-2 
t o be t r a v e l l e d through was thus 250 g.cm . Assuming an energy l o s s of 
2 
2 MeV g.cm , the minimum energy r e q u i r e d by muons t o reach t h i s l e v e l i s 0.5 
GeV. 
Since the f l a s h - t u b e chamber was only viewed i n p r o j e c t i o n , some tr a c k s c o u l d 
be caused by muons which only passed through the barytes b r i c k w a l l s before 
e n t e r i n g the f l a s h - t u b e s . Since by f a r the l a r g e s t amount of a b s o r p t i o n o f 
FIG. 10-3 














S U M M A R Y O F D A T A U S E D F O R 
M U O N L A T E R A L D I S T R I B U T I O N 
Total number of events 920 
Number of bursts i n lead or iron 39 
Number of bursts i n glass 14 
Number of events used 867 
Number of NHr.uit analysed events 630 
Number of I . L . analysed events 237 
/ 
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low energy muons takes place i n the lead and i r o n , a simultaneous count 
was taken o f those tracks which appeared i n b o t h PI a and P2a, t o check 
whether any such contamination could a f f e c t the r e s u l t s . These l a t t e r data 
are r e f e r r e d t o below as data from the upper plane, whereas the former are 
r e f e r r e d t o below as data from the c e n t r a l plane. F i g s . 10.4a, b, e t c . are 
some t y p i c a l events. 
Those events i n which a hadron or muon i n t e r a c t e d i n the lead or i r o n or 
the glass and produced a b u r s t were not in c l u d e d since the muon tra c k s were 
g e n e r a l l y d i f f i c u l t t o d i s t i n g u i s h . F i g s . 14«5 show such events, b u t 
Table 10.1 c l e a r l y i n d i c a t e s t h a t these represent only a small f r a c t i o n o f 
the data and t h e i r omission should not a f f e c t the r e s u l t s unduly. 
10.4*2 The core distance and shower s i z e measurements 
Both the i n t e r s e c t i n g l o c i and the "Mi n u i t " methods o f analysing the data 
were used. 
The " M i n u i t " method ( i . e . computerised l e a s t squares f i t t i n g o f core 
distance and shower size simultaneously) was chosen as the primary method 
because of the l a r g e amount o f data t h a t needed t o be analysed. However, 
the method was found u n s a t i s f a c t o r y i n those cases i n which a d e t e c t o r was 
sat u r a t e d . I n such cases, the programme ignored the i n f o r m a t i o n from the 
saturated d e t e c t o r ( s ) and proceeded t o f i t parameters t o the measurements 
from the remaining d e t e c t o r s . V i s u a l i n s p e c t i o n o f such events made i t 
evident t h a t the determined core l o c a t i o n (and consequent shower s i z e ) was 
i n c o r r e c t , and method 2 (see Chapter 7 ) o f the i n t e r s e c t i n g l o c i methods was 
used t o a s c e r t a i n the parameters i n these cases. 
Figure 10.4- a ) :A low. muon: d e n s i t y ©vent, although there are 5 nmon 
trac k s v i s i b l e t h i s event was c l a s s i f i e d as a 2 
muon event through the upper plane and a 3 muon 
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Figure 1i0„4 b);A high muon d e n s i t y event, w i t h 8 muons through the 
upper plane, and 11 muons through the c e n t r a l plane* 

Figure 1iOo4- e) :A comparatively r a r e type o f event ^» an i n t e r a c t i o n 
has taken, place i n the mailt body of the chamber p and 
a cascade has developed i n the glass and aluminium; 
belowoSuch events are excluded from the data a n a l y s i s . 
The lower photograph shows the corresponding 
pulses from the s c i n t i l l a t o r stacks, A and B. Note 
the l a r g e prompt pulse frcm. s c i n t i l l a t o r stack A, 
but the r e l a t i v e l y weak response o f stack B despite 
the l a r g e p a r t i c l e f l u x through i t . ( re<> the 





10.5.1 I n t r o d u c t i o n 
I d e a l l y , the l a t e r a l d i s t r i b u t i o n o f muons i n a s i n g l e shower should be 
measured, and repeated f o r a la r g e number o f showers of the same si z e and 
the r e s u l t s averaged. However, t h i s i s i n r p r a c t i e a l since i t r e q u i r e s a 
l a r g e number o f muon detectors sampling the shower simultaneously. I n the 
present experiment there i s a s i n g l e muon d e t e c t o r sampling the muon 
d e n s i t y over a range o f core distances and shower si z e s . C l e a r l y a l l the 
muon d e n s i t i e s have t o be normalised t o a s i n g l e shower size before 
proceeding t o a determination o f the core d i s t a n c e dependence of the muon 
d e n s i t i e s . The f i r s t step i s thus t o determine the shower size dependence 
of the muon d e n s i t i e s , and then t o normalise the measurements t o the median 
shower size measured before f i n a l l y deducing the core distance dependence 
of the rauon d e n s i t y . 
10.5.2 The r e s u l t s on the - N e dependence 
Since two methods o f determining shower size and two methods o f measuring 
muon de n s i t y have been used, there are b a s i c a l l y 4 sets of data, these are 
c a l l e d a ) , b ) , c ) , d ) . The meaning of the n o t a t i o n i s summarised i n 
Table 10.2. 




M i n u i t 
Method a) e) 
I n t e r s e c t i n g 
L o c i ( I . L . ) 
Method b) a) 
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For example F i g . 10.5a) represents the shower size dependence o f the number 
o f muons measured passing through the c e n t r a l plane, the shower sizes being 
determined by the "Minuit" method o f computerised l e a s t squares f i t t i n g o f 
the shower s i z e and core p o s i t i o n o f each event. I t i s worth n o t i n g when 
the data are f i n a l l y combined together t h a t a) and b) represent d i f f e r e n t 
samples (as do c) and d ) ) , whereas a) and c) represent d i f f e r e n t measure-
ments of the same sample (as do d) and b ) ) o f the u n i v e r s a l p o p u l a t i o n of 
a i r shoY/ers. F i g s . 10.5, 10.6, 10.7, 10.8 are thus subdivided i n t o a ) , b ) , 
c ) , d) according t o Table 10.2. 
The f o u r ( s i x t e e n i n a l l ) f i g u r e s represent a d i v i s i o n o f the data i n t o 
d i f f e r e n t ranges of distance o f the chamber from the core o f the shower. 
The data are presented as s c a t t e r p l o t s of the observed number o f muons 
passing through the f l a s h - t u b e chamber against the size of the air-shower 
(as determined by e i t h e r the I n t e r s e c t i n g L o c i ( i . L . ) method or the Minu i t 
method) associated w i t h each event. The crosses w i t h e r r o r bars represent 
averages o f the s c a t t e r p l o t s , the data i s binned by the v e r t i c a l l i n e s so 
as t o give approximately equal s t a t i s t i c a l accuracy t o each o f these p o i n t s , 
which are then p l o t t e d a t the average shower s i z e associated w i t h each p o i n t . 
The s t r a i g h t l i n e i s a r e s u l t o f a l e a s t squares f i t of the f u n c t i o n 
b 
y = a x 
where y = number o f muons passing through chamber N u 
x = associated shov/er s i z e N e i n u n i t s o f 10 p a r t i c l e s , t o the averaged 
2 
data. The q u a n t i t y r represents the goodness o f f i t o f the quoted f u n c t i o n 
2 2 
t o the data and can be i n t e r p r e t e d as r = 1 = p e r f e c t l i n e a r i t y , r = 0 = non-
l i n e a r i t y . The h o r i z o n t a l arrows represent the lower l i m i t o f data used t o 
determine the f u n c t i o n . Since the data are d i v i d e d i n t o r egions o f core 
F i g u r e 1 0 „ 5 a ) 
Number o f muons N t h r o u g h c e n t r a l plane as a f u n c t i o n o f shower-
s i z e Nfi (as determined by M i n u i t method' ) f o r c o r e - d i s t a n c e range; 
0 tx> 20ra o 
W * 0 * 7 3 t t ° ° 6 6 ( r 2 = Oe86> ) 
F i g u r e l o c 5 b) 
Number o f muons t h r o u g h o e n t r a l plane as a f u n c t i o n o f shower-
s i z e N (as determined by Iolio method ) f o r c o r e - d i s t a n c e range 
0 t o 20m o 
N = 1»82N ° e 4 8 ( r 2 = i.O ) J1 e 
FIG 10-5 a ) 
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F i g u r e 10.5 c) 
Number o f muons N t h r o u g h upper 
s i z e N g (as determined by M i n u i t 
0 t o 20m„ 
N = 0.905H ° o 3 ° j i e 
plane as a f u n c t i o n o f shower-
method ) f o r c o r e - d i s t a n c e range 
( r 2 = 0,92 ) 
F i g u r e i 0 o 5 d) 
Number o f muons N^ th r o u g h upper plane as a f u n c t i o n o f shower-
s i z e N (as determined by I 0L„ method ) f o r c o r e - d i s t a n c e range 
0 t o 20mo 
N - 0..94N ° ° 7 3 ( r 2 . 1 . 0 ) H e 
FIG 10-5 c ) 
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Figure 10.6 a) 
Number of muons N' through ce n t r a l plane as a f u n c t i o n of shower-
size N (as determined by Minuit method ) f o r core—distance range 
20 to 40m. 
N - 0 o?2N °~ 5 9 ( r 2 - 0,95 ) 
r 8 
Figure 10.6 b) 
Number of muons N through ce n t r a l 
size (as determined by I»li<> method 
20 to 40m. 
N - 0.90N °* 6 2 j i e 
plane as a f u n c t i o n of shower-
) f o r core=distance range 
( r 2 « 1.0 ) 
FIG.10 6 a) 
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Figure 10.6 c) 
Number of muons N through upper plane as a fund;ion of shower-
size (as determined by Minuit method ) f o r core-distance range 
20 to 40m. 
N - 0.49N 0 a 6 9 ( r 2 - 0.95 ) 
Figure i0„6 d) 
Number of muonn through upper plane as a fu n c t i o n of shower-
size N (as determined by I.L. method ) f o r core-distance range 
20 to 40m. 
N * 0.63N 0 e" 7 1 ( r 2 - 0B9T ) 
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Figure lO/fa) 
Number of muons N through ce n t r a l plane as a fu n c t i o n of shower-
size N Q (as determined by Minuit method } f o r core-distance range 
40 to 60m. 
H = 0.81N ° o 3° ( r 2 = 0.51 ) p. e 
Figure 10.7 b) 
Number of muons N through ce n t r a l plane as a f u n c t i o n of shower-
size N (as determined by I.L. method ) f o r core-distance range 
40 to 60m. 
K - .07N ° ° 3 3 ( r 2 - 0.46 ) p. e 
FIG. 10-7 a) 
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Figure 10.7 o) 
Number of muons N through upper plane as a fun c t i o n of shower— 
size N (as determined by Minuit method ) f o r core-distance range 
40 t o 60m. 
N„ - 0.515N. 0 , 3 5 ( r 2 = 0.41 ) 
Figure 10.7 d) 
Nurnfrer of rouons N through upper plane as a f u n c t i o n of shower-
A1 
size N (as determined by I d i . . method ) f o r core-distance range 
40 to 60m. 
N„ = 1 4 5 N ° ° 2 8 ( r 2 - 0.43 ) 
FIG. 10-7 c) 
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Figure 10 e 8 a) 
Number of muons -through central plane as a f u n c t i o n of shov;er-
size N' (as determined by Minuit method ) f o r core-distances 
greater than 60m«. 
N = 0.45W °"49 ( r 2 <= Oo94 ) 
Figure 1 0 o 8 b) 
Number of muons N through c e n t r a l plane as a f u n c t i o n of shower-
size 17 (as determined by I . L D method ) f o r core-distances e 
greater than 60m. 
N = 2 .32N ~°'01 ( r 2 * 0 . 009 ) e 
FIG. 10-8 a) 
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Figure 10.8 o) 
Number of muons N through upper 
size N (as determined "by Minuit 
greater than 60m» 
p. e 
plane as a f u n c t i o n of shower-
method ) f o r core-distances 
( r 2 « 0.84 ) 
Figure 10.8 d) 
Number of muons N through upper plane as a fu n c t i o n of shower-
size N g (as determined by I'JL* method ) f o r core-distances 
greater than 60nie. 
N . Oo99N ° o 2 i ( r 2 = 0„89 ) fx. e 
FIG. 10-8 c) 
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TABLE 10.3 
W E I G H T E D A V E R A G E V A L U E S OF 
T H E P A R A M E T E R S a, b 
I N T H E E Q U A T I O N 
b 
y = ax 
where y = Number of muons 
5 
X = Shower size Ne i n units of 10 p a r t i c l e s 
Gore Distance 
range r a b 
No. of measurements 
used 
0 - 2 0 0 .92 0.51 124 
20 - 40 0.78 0.65 540 
4 0 - 6 0 0.77 0.32 382 
>60 0.48 0.45 400 
0 - 4 0 0.80 0.62 664 
>40 0.60 0.39 782 
whole range 0.69 0.49 1 ,346 
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distance, these points were determined from Pig. 10.9 which represents the 
co l l e c t i n g area f o r d i f f e r e n t shower sizes on a tr i g g e r i n g requirement of 
-2 -2 
^ 2 poles m i n detectors 13 , 3 3 , 53 and >4 poles m i n detector G (the 
"standard" t r i g g e r - see Chapter 6 , Section 6 . 3 ) . 
Table 10.3 represents mean values of the parameters a and b corresponding 
to each of the figures 1 0 . 5 , 1 0 . 6 , 1 0 . 7 , 1 0 . 8 . Also quoted are average 
values of these parameters over the ranges 2+0 m and over the whole range 
of r . The mean values were calculated by f i r s t taking a weighted mean of 
the I.L. and Minuit data (e.g. Pigs. 10.5a) and 1 0 . 5 c ) ) , t h i s gives a larger 
sample from the parent population, then taking an average of the re s u l t i n g 
upper plane and central plane measurements, t h i s gives the meaji of two sample 
of the same sample from the parent population of air-showers. 
10.5 .3 Testing f o r significance of difference between the i+ samples 
Figs. 10.10 and 10.11 show respectively the d i s t r i b u t i o n i n core distances 
and shower sizes used i n the measurement of the l a t e r a l d i s t r i b u t i o n of 
muons. The core distances have been binned i n 20 m bins since the accuracy 
of the I.L. method of core location i s approximately +9 metres (see 
Chapter 7 ) . 
5 
The median shower size, from Pig. 1 0 . 1 1, i s 3 .10 p a r t i c l e s . To test 
whether there i s any s i g n i f i c a n t difference between either the measurements 
from the central and the upper plane, or the measurements using the Minuit 
and the I.L. methods of core location, a l l the data i s f i r s t normalised to 
t h i s median shower size. This has been done using the results quoted i n 
Figure 1 0 . 9 
The c o l l e c t i n g area f o r d i f f e r e n t shower-sizes based on coincidence 
p o o 
between G' (> 4 pels./'" )»13 (>2 pcls./m )»33 (>2 pcls./m ) ,53 (>2 
pcls./ra ) „ The numbers on each jsurve represent the shower-size in' 
5 




D i s t r i b u t i o n - i n core distance f o r a l l s h o w e r s ) ^ 5 p a r t i c l e s detected, 
(This bin r e f e r s t o 
a l l core distances 
> 60m0 
<="* mean » 75w« ) 
i n L_ 
r — 1 
i i 1 = - _ T 1 1 ! r ~ ~ 
10 20 30 40 50 60 70 80 
r m e t r e s 
Figure l O o l l 
The observed d i s t r i b u t i o n i n shower-siaes used i n the measurement 
of the l a t e r a l d i s t r i b u t i o n of rauons. I t also summarises the number 
of showers of size N i n which no bu r s t was observed i n the f l a s h -* e 
tube chamber on f i l m s T16 to H2% 
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Pigs. 10.5, 10.6, 10.7 and 10.8 (not the average values of Table 10.3). 
The r e s u l t i n g histograms representing the frequency of observing n muons 
passing through the chamber at d i f f e r e n t distances from the axis of the 
shower are presented i n Figs. 10.12, 10.13, 10.14 and 10.15. The suffixes 
a ) , b ) , c ) , d) represent the same subdivision of data as i n Table 10.2, e.g. 
Pig. 10.12c) represents the res u l t s f o r r = 0 » 20 ra, of measurements taken 
at the upper plane using the Minuit method of determining core distance 
and shower size. 
To determine any s i g n i f i c a n t difference between the upper and central plane 
a student t - t e s t has been conducted on the pairs of data a) and c ) , the 
results and t h e i r significance are tabulated i n Table 10.4. 
To determine any systematic difference between the results using the I.L. 
and the Minuit methods of core location student t-tests have been conducted 
on the ce n t r a l pl£ih§ data a) and b) and the upper pla^§ data c) and d), 
the results and t h e i r significance are tabulated i n Table 10.5. 
The only s i g n i f i c a n t differences (Table 10.5 central plane data i*>60 m) 
can be a t t r i b u t e d to a paucity of data using the I.L. method (see also the 
poor linear f i t of Pig. 10.8b)). 
10.5.4 The l a t e r a l d i s t r i b u t i o n s of muons 
Since no s i g n i f i c a n t differences between the upper and central plane data 
were detected, no si g n i f i c a n t contamination from low energy muons passing 
through the sides of the chamber i s present i n the measurements made at the 
TABLE 10.4 
R E S U L T S OF S T U D E N T t - T E S T S 
B E T W E E N M E A S U R E M E N T S 
M A D E I N T H E C E N T R A L P L AME 
A N D I N T H E U P P E R P L A M E 
MIMIIT MEASUREMENTS 
rm t Significance 
0 - 2 0 -1 .02 
20 - 40 3.07 0.% 
4 0 - 6 0 2.91 1?? 
>60 2.15 4^ 
The numbers i n the "Significance" column indicate the p r o b a b i l i t y 
that the two samples have the same mean. 
FIG. 10-12 
Frequency of observing N. mens at core-distance range 0 to 20mo F 5 a f t e r normalisation to II. = 3.10 p a r t i c l e s , f o r a l l showers of r ® 
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Frequency of observing N rauons at core-distance' range 20 to 40m 
a f t e r normalisation to N => 3A0 p a r t i c l e s f o r a l l showers of 
size greater than 10 p a r t i c l e s e 
Figure 10.14 
Frequency of observing N muons at core-distance range 40 to 60m 
a f t e r normalisation?, to N = 3oiQ. p a r t i c l e s , f o r a l l showers o f 
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Frequency of observing N muons at eore-distances greater than 6.0m0 
a f t e r normalisation to N » 3.1 Cr p a r t i c l e s , f o r a l l showers of 
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FIG. 10-15 CcontO 
Frequency of observing N rauonu at core-distances greater than 60m» 
a f t e r normalisation to N * 3»iCr p a r t i c l e s r f o r a l l showers of size 
<5 
greater than 3«-t.O p a r t i c l e s . 
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central plane. These data have thus been used i n the l a t e r a l d i s t r i b u t i o n 
of muons. 
Since no systematic differences between the data using the Minuit method 
of core location and the I.L. method, these have been pooled to improve 
the s t a t i s t i c s . 
Histograms of the pooled data f o r the d i f f e r e n t core distance 0 - 20 m, 
20 - 40 m, 40 - 60 m and >60 m are presented i n two forms, Figs. 10.1$ and 
10.1^ F. Fig. 10.16 represents the data normalised to a shower size of 3.10^ 
p a r t i c l e s using the r e l a t i o n Nu«(Ne)°""^; whereas Fig. 10.17 represents the 
5 
data normalised to a shower size of 3.10 p a r t i c l e s using the r e l a t i o n 
o( (N e)k where the values of b are given by Table 10.3, column 3, rows 1 - 4 . 
Fig. 10.18 shows the measured l a t e r a l d i s t r i b u t i o n of rauons corrected f o r 
averaging over bin size and error i n core location (cr = 9«2 m). The data 
are compared with two curves produced by Greisen. Curve 1 i s based on 
analogy to the electron l a t e r a l d i s t r i b u t i o n and has the form of equation 
10.1 . Curve 2 i s based on a summary of other data (Greisen [l966]) and 
has the form: 
< 1 ° ' 2 > / v \°-75 -°-75 ( r V 2 - 5 
Both the results normalised according to d ( N e ) 0 * ^ and c<(N e) b (where 
b •= f ( r ) and i s given by Table 10.3) give higher muon densities than 
predicted by Greisen. 
The data normalised according to N^=l N e b show better agreement, w i t h the 
results diverging to roughly a 5Q# excess f o r r ^ 30 m. 
TABLE 10.5 
R E S U L T S OF S T U D E N T t - T E S T S 
B E T W E E N ' M E A S U R E M E N T S 
M A D E U S I N G T H E 
I N T E R S E C T I N G L O C I M E T H O D 
A N D 
T H E " M I N U I T " M E T H O D 
OF D E T E R M I N I N G A I R - S H O W E R 
P A R A M E T E R S 
CENTRAL PLA&E MEASUREMENTS 
t Significance 
0 - 2 0 -2.06 
2 0 - 4 0 -2.01 
4 0 - 6 0 -2.18 
>60 -8.97 < 0.0001 
UPPER PLAME MEASUREMENTS 
rra t Significance 
0 - 2 0 -2.92 1/0 
2 0 - 4 0 -2.95 0.3# 
4 0 - 6 0 -4.5 0.1JS 
>60 -2.34 3% 
The numbers i n the "Significance" column indicate the p r o b a b i l i t y 
that the two samples have the same mean. 
Figures 10»16 
Frequency of observing N muons at d i f f e r e n t core-distance ranges 
a f t e r combining- 1,L„. and Minuit data and normalising to N = 3.10. 
Q n r 6 
p a r t i c l e s according to N »t ('N ) „ 
jX1 e 
( i ) Core-distance range 0 to 20m. 
N . 2.42 i 0.24 
( i t ) Gore-distance range 20 to 40m» 
- 1*69 - 0„09 
( i i i ) Core-distance range 40 t o 60m. 
K » 1*29 - 0.09 
( i v ) Core-distances greater than. 60m« 
1- « 0 e81 - 0*08 
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FIG. 10-16 ( iv ) 
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Figures 10.17 
Frequency of observing N rauons at d i f f e r e n t core-distance ranges 
a f t e r combining- I J j c and Minuit data and normalising' to N = 3<?10 
p a r t i c l e s according to N <*. (N^)^'. 
( i ) Core-di3tance range 0 to 20m. Tfc « 0*5% 
IT - 2AT, - Q.21 
( i i i ) Gore-distance range 20 t o 40m. "fo = 0,,65. 
N; - 1*86 i 0.10 
( i i i i ) Core-distance range 40 t o 60m„ "b> = 0.32 
N n =1.57 1 0..09 
(inr) Gore-distances, greater than.60m. b> <= 0»45 
¥ = i.08 i 0„07 
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Figure 10.18 
Experimentally determined l a t e r a l d i s t r i b u t i o n of muons of energy E 
i n a sample of air~showers of size greater than 10 p a r t i c l e s (867 
showers wi t h median shower-size 3.10^particles). The r e s u l t s have 
been corrected f o r averaging over bin?-size and er r o r in1, core-
l o c a t i o n * 
The r e s u l t s are compared w i t h Greisen's curves (1962,1966) 
based on s-
i ) analogy to the electron l a t e r a l d i s t r i b u t i o n f u n c t i o n f o r E 
greater thanlGeV. equn„ l O ^ l (Bennett et a l (1962))— Curve \. 
i i ) summary-of r e s u l t s previous to I966 (CEreisen (1966)) on muons 
w i t h energy E: greater than 0v5GeV-~ Curve 2a —and greater than 
iGeV- Curve 2b—* (See equn» 10„2). 
FIG. 10-18 
0,75 <D *„ « (N e) 
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10.6 Muon groups i n air-showers 
I t has been pointed out (V/ dowczyk [ l 9 7 l ] ) that possible coherent production 
of pions i n high energy nuclear interactions could be detected by analysing 
the s p a t i a l d i s t r i b u t i o n of muons i n air-showers„ I f the parent pions are 
incoherent then t h e i r decay muons should be dis t r i b u t e d randomly i n space. 
By comparing the s p a t i a l d i s t r i b u t i o n s of groups of 2 , 3 , 4 etc. muons i n 
the flash-tube chamber w i t h random d i s t r i b u t i o n s , a search f o r evidence of 
such coherence has been ca r r i e d out. By dividing the data i n t o groups of 
2 , 3 , 4 etc. according to how many muons are detected i n the chamber 
d i f f e r e n t regions of the air-shower can be investigated i . e . the larger 
the number of muons detected by the chamber, the nearer to the core of the 
shower i s i t on average. 
Fig. 1 0 . 1 ^ summarises the number of each type of event used i n the muon 
group analysis. The groups were then analysed by measuring the horizontal 
separation of adjacent muons i n the central plane and p l o t t i n g a histogram 
of the frequency of each muon separation, the data being divided according 
to how many muons were detected passing through the chamber. 
Using random number tables events w i t h 2 , 3 , 4 etc. muons were generated 
by randomly selecting a positio n f o r each muon i n the event and thus a 
simulated event was generated. 
Comparisons between the observed d i s t r i b u t i o n s and the simulated d i s t r i b u t i o n 
are presented i n Pigs. 1 0 . 2 0 a ) , b ) , c ) , d ) , e). 
Table 10.6 summarises the results of comparing the two sets of data on a 
chi-square te s t . 
130 4 
FIG. 10 19 
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Summary of the numbers of events where n nruons ( j i ' a ) 
are observed i n flash-tube chamber that are 
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Figures 10 o 20 
Comparison of measured d i s t r i b u t i o n of separations r of adjacent 
muons w i t h predicted d i s t r i b u t i o n i f separations are random. The 
l a t t e r d i s t r i b u t i o n s have been generated by simulating randomly 
spaced groups of n rauons, 
a) groups of 2 muons, n«s25 
b) groups of 3 muons, n=3? 
c) groups of 4 unions, n«4| 
d) groups of 5 muons, n=5? 
e) groups of 6 or more muons, n^6 where the values of n are chosen 
coincide w i t h observation,. 
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TABLE 1 0 . 6 
R E S U L T S OP X 2 - F I T S OF D I S T R I B U T I O N 
O F S E P A R A T I O N S r O F n M U O N S 
B 
TO R A N D O M D I S T R I B U T I O N S OF r B 
n 2 X S i g n i f i c a n c e 
2 1 8 . 4 
3 3 4 . 4 <0.5% 
4 2 9 . 5 
5 2 9 . 6 <o.% 
>6 7 2 . 2 
The numbers i n the " S i g n i f i c a n c e " column i n d i c a t e the p r o b a b i l i t y 
t h a t the observed d i s t r i b u t i o n i s a random d i s t r i b u t i o n . 
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An a n a l y t i c a l treatment o f the problem has been designed (see Appendix I I ) 
and a comparison between the data and the r e s u l t s of the a n a l y t i c a l t r e a t -
ment o f groups o f 2 muons i s presented i n P i g . 10.^|. 
10.7 Conclusions of the a n a l y s i s of muon groups 
For a l l muon groups >2 there i s a very small p r o b a b i l i t y t h a t the observed 
d i s t r i b u t i o n i s random ( < 0.5??) however v i s u a l i n s p e c t i o n o f Fi g s . 10.20 
i n d i c a t e s t h a t only f o r groups o f muons ^-6 does there seem t o be a marked 
preference f o r a p a r t i c u l a r separation d i s t a n c e . 
5 6 
Thus, i n the shower s i z e range 10 t o 7.10 w i t h i n 80 m of the core t h e r e 
_2 
i s some evidence f o r coherent grouping o f muons a t d e n s i t i e s > 1 m (area 
2 -2 of d e t e c t o r = 2 . 95 m ) , b u t only i n regions o f d e n s i t i e s >2 m does t h i s 
coherence show i t s e l f as a marked preference f o r a p a r t i c u l a r separation 
distance between adjacent muons. 
FIG. 10-21 
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F i g u r e 10.21 
Comparison of 
i n 2 muon events w i t h p r e d i c t e d d i s t r i b u t i o n from t h e o r y ('AppendixMl)„ 




M E A S U R E M E N T S ON H A D R O N S 
I N 
A I R - S H O W E R S 
11 .1 I n t r o d u c t i o n 
The nuclear cascade forms the backbone f o r the development o f an a i r -
shower, and hence the hadrons are a very important component. Although 
the l e a s t numerous o f a l l the p a r t i c l e s , hadrons can e a s i l y be 
d i s t i n g u i s h e d by the l a r g e energy per p a r t i c l e c a r r i e d by them. 
As w e l l as p r o v i d i n g i n f o r m a t i o n on the n a t u r e o f the primary cosmic-rays, 
measurements on hadrons i n air-showers make accessible energy regions 
beyond the scope of present a c c e l e r a t o r s . This l a s t f a c t has s t i m u l a t e d 
many t h e o r i s t s t o i n t e r p r e t cosmic ray hadron measurements as i n d i c a t i n g 
new behaviour o f the fundamental p a r t i c l e s a t energies j u s t above 2 TeV 
(t h e l i m i t o f hadron i n t e r a c t i o n energies a v a i l a b l e a t a c c e l e r a t o r s - I.S.R.). 
I n p a r t i c u l a r there i s much cosmic ray evidence (see f o r example McCusker 
[ 1 9 7 5 3 , and N a s r i [ l 9 7 7 ] ) f o r the onset o f hi g h transverse momentum i n t e r -
a c tions a t around 10^ TeV, t h i s e f f e c t should be r e f l e c t e d i n the l a t e r a l 
d i s t r i b u t i o n o f hadrons. 
One f u r t h e r measurement o f i n t e r e s t i s the r a t i o o f charged t o n e u t r a l 
hadrons a t s e a - l e v e l . A t present theory cannot cope w i t h the measurements 
(e.g. Gaisser [ "1976J) , and new physics has t o be invoked t o e x p l a i n the 
r e s u l t s ( e . g . Tonwar et a l 1 9 7 1 a , b ) . 
- 179 -
As w i t h the muon measurements, the l a t e r a l d i s t r i b u t i o n and energy-
spectrum o f hadrons i n air-showers can be compared w i t h the r e s u l t s of 
Monte Carlo c a l c u l a t i o n s using d i f f e r e n t models. Previous r e s u l t s and 
t h e i r c o m p a t a b i l i t y w i t h the r e s u l t s o f such c a l c u l a t i o n s w i l l be 
discussed i n the next s e c t i o n . 
11.2 Summary o f previous measurements 
I n order t o o b t a i n an energy spectrum f o r hadrons, three parameters need 
t o be determined. These are the hadron energy, i t s distance from the 
core o f the shower, and the s i z e o f the shower. Since d i f f e r e n t groups 
use d i f f e r e n t techniques, and there i s always a large margin o f 
u n c e r t a i n t y i n the hadron energy measurements - e s p e c i a l l y a t higher 
energies - d i f f e r e n c e s i n the b u r s t spectra obtained are not s u r p r i s i n g . 
F i g . 1 1 . 1 shows a comparison o f the data o f f i v e authors w i t h the 
p r e d i c t i o n s o f c a l c u l a t i o n s according t o d i f f e r e n t models made by Grieder 
( 1 9 7 8 ) . Curves 1 ) t o 4 ) are as described i n Chapter 10 ( S e c t i o n 10.2) 
b u t b r i e f l y curves 1 ) t o 3 ) represent p r o t o n i n i t i a t e d showers and curve 
4 ) represents i r o n i n i t i a t e d showers. C l e a r l y t h i s l a t t e r model f a i l s t o 
give s u f f i c i e n t h igh energy hadrons t o agree w i t h the data, which seem t o 
favour curves 1 ) and 3 ) - the l a t t e r curve i n v o l v e s the use o f r i s i n g 
cross-sec t i o n s . 
A comparison o f the l a t e r a l d i s t r i b u t i o n o f h i g h energy ( > 1 0 0 GeV a t l e a s t ) 
hadrons, as measured by s e v e r a l authors, w i t h the c a l c u l a t i o n s o f Grieder 
Figure 11 . 2 
L a t e r a l density distributions for hadrons of different energy.The simulated 
distributions are for proton-initiated showers s calculated with the SMFB 
model and a standard transverse-momentum d i s t r i b u t i o n with a cut-off at 5 
G-eV/c. E = 1;0 G-eV. sea l e v e l . Experimental data normalised to N = A r$ 
( After Srieder t l 9 7 7 } ; . 0 1 0 
0 Matano et a l ( i 9 7 0 ) > 1 7 0 0 G-eV 
0 Baruoh et a l ( l 9 7 5 ) > 1 0 0 0 SeV 
A F r i t z e et a l (1 970 ) > 800 (JeV 
Kameda et a l ( 1 9 6 5 ) > 100 G-eV 
Figure 1 1 . 1 
I n t e g r a l energy spectra of hadrons i n a i r showers at sea l e v e l . The 
the o r e t i c a l spectra 2 ) and 3 ) are for the IDFB model with fixed and r i s i n g 
cross-sections, respectively. Spectra 1 ) and U) are for the SMFB modelo 
( After Grieder ( 1 9 7 7 ) ) . 
• Tanahashi ( 1 9 6 5 ) 
0 Kameda et a l ( 1 9 6 5 ) 
A Bohm et a l ( 1 9 6 8 ) 
* Matano et a l (1 9 7 0 ) 
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F i g e 11.2 L a t e r a l d i s t r i b u t i o n of hadrons. 
Fig* 11.1 I n t e g r a l energy spectre of hadrons. 
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(•1973) i s presented i n F i g . 11 . 2 . The curves are as f o r curve l ) i n 
F i g . 1 1 . 1 i . e . a slow m u l t i f i r e b a l l model w i t h constant c r o s s - s e c t i o n s . 
Grieder ( 1 9 7 8 ) p o i n t s out t h a t t o account f o r the measured numbers o f hi g h 
energy hadrons d e t e c t e d beyond 3 metres from the core, a s i g n i f i c a n t 
i ncrease i n the average transverse momentum would have t o be invoked ( t h e 
c a l c u l a t i o n s assume standard transverse momentum d i s t r i b u t i o n s w i t h a c u t -
o f f a t 5 GeV/c). 
Th i s l a r g e transverse momentum e f f e c t i s more s t r i k i n g l y demonstrated i n 
F i g . 1 1 . 3 where are p l o t t e d the r e s u l t s o f various authors' d e t e r m i n a t i o n 
o f the dependence o f the parameter E.r on shower s i z e . Here E represents 
the energy of a hadron and r the average distance o f hadrons of t h a t 
energy from the core. For high energy events ( > 1 0 0 GeV), t h i s product 
approximates very c l o s e l y the average transverse momentum of hadrons o f 
energy E, hence the data c l e a r l y demonstrate an increase of the average 
transverse momentum w i t h shower s i z e - which i n t u r n r e f l e c t s an increase 
i n transverse momentum w i t h primary energy. 
One f u r t h e r parameter o f i n t e r e s t i s the charged t o n e u t r a l r a t i o o f sea-
l e v e l hadrons. F i g . 1 1 . 4 shows the r e s u l t s o f two measurements 
(Ashton et a l [ 1 9 7 5 ] and Vatcha and Sreekanton [1 9 7 3 ] ) . The f u l l curve i s 
the r e s u l t of c a l c u l a t i o n s according t o Gaisser ( 1 9 7 6 ) i n c l u d i n g f u l l 
p r o d u c t i o n o f strange p a r t i c l e s and nucleon-antinucleon p a i r s . The data 
5 
c l e a r l y diverge from the r e s u l t s of c a l c u l a t i o n s f o r E > 3 . 1 0 and, as 
Gaisser p o i n t s o u t , t h i s i s one parameter o f s e a - l e v e l cosmic r a d i a t i o n 
t h a t cannot be accounted f o r by s u i t a b l e admixtures o f heavy and l i g h t 
elements i n the primary composition. The e f f e c t , i f r e a l , must t h e r e f o r e 
5 
r e f l e c t a change i n the nuclear physics o f i n t e r a c t i o n s beyond 3 . 1 0 GeV „ 
Figure 
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11 „3 The present experiment 
The measurements on hadrons i n air-showers were made simultaneously w i t h 
the measurements on muons i n air-showers (Chapter 10)« Bu r s t s which were 
observed e i t h e r immediately below the lead ( i n F1 a) or the i r o n ( F i b ) and 
whose w i d t h i n these d e f i n i n g l a y e r s d i d not extend beyond the edge o f the 
fla s h - t u b e s were considered t o be bu r s t s produced by hadrons. Any 
contamination from muon-bremsstrahlung produced b u r s t s would be only small 
see Chapter 1+ - but since the y i e l d 7/as only small (see Table 11 .1 ) a l l 
b u r s t s were used i n the a n a l y s i s . 
The energy o f the hadron was measured by p r o j e c t i n g the photograph onto a 
1 :20 scale drawing of the f r o n t vie// o f the chamber and measuring the 
w i d t h i n cms. This measurement was then converted to an equ i v a l e n t energy-
using the curves o f f i g u r e s 2 . 1 5 and 2 . 1 6 . 
The assignment of nucleon or pi o n t o each event was not p o s s i b l e , however, 
an o v e r a l l assessment c o u l d be made using the observations o f n e u t r a l 
p a r t i c l e s - t h i s w i l l be discussed i n more d e t a i l below. 
The charge o f the p a r t i c l e producing a b u r s t i n the lead could not be 
asce r t a i n e d , however, the charge of the p a r t i c l e producing a b u r s t i n the 
i r o n c o u l d be ascertained from the presence or absence of a s i n g l e p a r t i c l e 
t r a c k i n F1 a above the centre of the b u r s t . Some t y p i c a l events are shown 
i n F i g s . 1 1 . 5 a ^ b ) 0 
Table 11 .1 gives a sutnmary-of the basic data i n v o l v e d i n the f o l l o w i n g 
a n a l y s i s . A l l shower parameters f o r the "hadron events" were determined 
using the i n t e r s e c t i n g l o c i method, and the d i s t r i b u t i o n s i n shower size 
TABLE 11.1 
S U M M A R Y O F Y I E L D OF 
H A D R O N E V E N T S 
T o t a l number o f air-showers 1648 
T o t a l number o f hadron b u r s t s 69 
Number o f b u r s t s i n lead 30 
Number o f charged b u r s t s i n i r o n 21 
Number of n e u t r a l b u r s t s i n i r o n 6 
Number o f b u r s t s i n i r o n o f u n i d e n t i f i a b l e charge 12 
(The u n i d e n t i f i a b l e b u r s t s i n i r o n are not used i n the 
charge/neutral r a t i o a n a l y s i s . ) 
Figure 11 »5 a ) : Two hadrons interacting simultaneously i n the lead 
(app. energy of each is'vSO G-eV), one cascade i a 
absorbed i n the iron whereas the other continues to 
develop therein. 

Figure 11.5 *>): A eharged hadron i n t e r a c t i n g i n the iron target,, 
(energy 40 G-eV).A neutral hadron would be 
recognised by the absence of a single p a r t i c l e 
track i n Fi a d i r e c t l y above the burst., 
The lower panel i s the oscilloscope trace 
corresponding to t h i s event, the prompt pulse 
i s saturating from s c i n t i l l a t o r stack A 6 
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and core positions f o r these events are presented i n Fig. 11.6a) and b) 
respectively. 
I n order to increase the s t a t i s t i c a l accuracy of the data, the runs f o r 
the hadron events cover twice the running time f o r the muon data. The 
di s t r i b u t i o n s i n shower-size and core positions f o r a l l events detected i n 
th i s running time are compared wi t h the same dis t r i b u t i o n s f o r the set of 
data used i n the muon measurements i n Pigs. 11 .7a), b ) . I t i s clear that 
there i s no systematic difference between the two d i s t r i b u t i o n s . 
11 J+ The l a t e r a l d i s t r i b u t i o n of hadrons 
I n order t o construct a l a t e r a l d i s t r i b u t i o n of hadrons which represents 
an average over a l l showers the shower size dependence of the number of 
hadrons i n a shower has to be determined. However, the method used i n 
detecting a hadron ( i . e . by t r i g g e r i n g on the occurrence of an air-shower 
whether or not a hadron i s detected) and the dominance of events i n which 
no hadron i s detected means that the determination of the relatio n s h i p 
between the number of hadrons i n a shower and the shower size must include 
a weighting according to the p r o b a b i l i t y of detecting a hadron at a pa r t i c u l a r 
shower size. This p r o b a b i l i t y depends upon the mean core distance of 
showers of a pa r t i c u l a r size, and on the l a t e r a l d i s t r i b u t i o n of hadrons 
i n showers of that size. 
Hence, to obtain an accurate l a t e r a l d i s t r i b u t i o n of hadrons a method of 
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approximation to the dependence of the number of hadrons of energy greater 
than 10 GeV (f|H(E>1 OGeV)) on shower size (Ne). I t i s the dependence of 
the average number of hadrons detected by the flash-tube chamber on shower-
size. A l i n e a r regression f i t of the data y i e l d s 
\ 1 <y J 
Fig. 11 .9 i s the l a t e r a l d i s t r i b u t i o n of hadrons obtained by normalising 
5 
to a shower size of 3.10 particles using equation 11 .1 . 
The former normalisation method yields an exponential l a t e r a l d i s t r i b u t i o n 
of the form 
where r i s the distance from the core expressed i n metres. 
A better assessment of the NJJ v Ne r e l a t i o n can now be made by weighting 
the average number of hadrons according to the p r o b a b i l i t y of detecting a 
hadron i n a shower of a certain size. This weighting factor i s 
of size Ne from the centre of the flash-tube chamber. The dependence of 
r upon Ne depends upon the c o l l e c t i n g areas f o r showers of d i f f e r e n t size 
and i s depicted i n Pig. 11 .10. 
The second approximation to the relationship b e t w e e n a n d Qe i s depected 
i n Fig. 11.11. A l i n e a r regression analysis yields the r e l a t i o n : 
(11 .1 ) 0.19 N„ (E>10 GeV) = 0.03 H 
(11.2) N = 0.14 exp(-0.04r) 




Ne fl„ (E>10 GeV) = 0.03 H 10 
10( 
Average nuaber of hadrons i n chamber as & F | fZ 1 i Q function of shower size n « For a l l hadrons wi t h I L J . I I * U energies greater than 10 SeV (assuming them a l l 
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which i s i n close agreement with the accepted r e l a t i o n : 
N J J K Ne 
Fig. 11o12 shows the f i n a l l a t e r a l d i s t r i b u t i o n , normalising to a shower 
5 
size of 3.10 p a r t i c l e s using equation 11.3. 
This y i e l d s the r e l a t i o n : -
(11.4) % (E>10 GeV) = 0.5 exp(-0.07r) 
Also shown i n Fig. 11.12 i s the l a t e r a l d i s t r i b u t i o n of hadrons w i t h 
5 
energy greater than 50 GeV, normalised to a shower size of 3.10 p a r t i c l e s 
using N^j (E>50 GeV)c<Ne. This data has a s l i g h t l y steeper slope and 
regressional analysis yields the r e l a t i o n : -
(11.5) N„ (E>50 GeV) = 0.A2 exp(-0.08r) 
11.5 The energy spectrum of hadrons i n showers 
Table 11.2 summarises the number of hadrons observed i n d i f f e r e n t energy 
i n t e r v a l s . A l l the data are presented assuming either a l l nucleons 
(column 'p' i n Table 11.2) or a l l pions (column '1%' i n Table 11.2). This 
l a t t e r assumption i s , however, c l e a r l y untenable since none of the bursts 
i n i r o n observed to be due to neutral p a r t i c l e s can be due to pions. 
In order to make a b e t t e r estimate of the r e l a t i v e contributions of pions 
and nucleons to the energy spectrum - and hence a bett e r estimate of the 
hadron energy spectrum - the number of bursts i n i r o n due to charged and 
FIG.11 11 
n e 
rijj versus n^ ,, where now the values have been corrected by 
multiplying by the factor i / e 2 p ( q where r i s the mean core 
distance f o r each shower s i z e range* 
FIG.1112 Lateral d i s t r i b u t i o n of hadrons of energy 
greater than E GeV. 
rm (metres) 
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due to neutral p a r t i c l e s can be u t i l i s e d . 
I f we assume that the number of protons equals the number of neutrons i n 
the sea-level cosmic r a d i a t i o n , then by measuring (from Table 11.2) the 
r a t i o of the number of bursts due to charged hadrons i n i r o n to the number 
of bursts due to neutral hadrons i n i r o n , we can say (ignoring kaons) 
(11.6) Hp + Ore = 3 # 5 
On ' - "~ 
where t h i s r a t i o i s 3.5 and Op i s the number of protons,Axtthe number of 
pions, fin the number of neutrons responsible f o r a l l the bursts produced 
i n the i r o n . 
Assuming f\p = f\n we can deduce 
(11 .7) (Vrx _ o c 
(11.8) and fVrC _ , 9I-
Figs. 11.13a), b) and 11.1i(a), b) show the observed i n t e g r a l energy spectrum 
of hadrons which i n t e r a c t i n the lead or the iron respectively. The 
subscripts a ) , b) refe r to the assumptions a l l nucleons or a l l pions 
respectively. 
Figs. 11 .15 and 11.16 are the i n t e g r a l energy spectra of hadrons i n t e r a c t i n g 
i n the i r o n or lead respectively assuming that the r a t i o of the number of 
pions i n t e r a c t i n g to the number of nucleons i s 1 .25. 
The scarcity of data makes a quantitative estimate of the slope of the 
spectrum d i f f i c u l t (due to the large error bars) however one useful 
TABLE 11 „2 
S U M M A R Y OF E N E R G Y A N D C H A R G E OF 
A L L H A D R O N E V E N T S 
Energy GeV. 
p rx 
N V pb N F c N u N 1, pb 
N F x e c N u 
0 - 1 0 0 0 0 0 0 0 0 0 0 0 
1 0 - 2 0 4 6 3 1 2 4 6 3 1 2 
20 - 30 1 7 4 0 3 1 9 5 1 3 
3 0 - 4 0 3 5 2 2 1 3 3 1 1 1 
40 - 50 0 2 1 0 1 3 6 4 0 2 
50 - 60 4 4 3 0 1 2 1 A I 0 0 
60 - 70 2 2 1 0 1 1 4 0 1 3 
70 - 80 0 3 0 1 2 1 0 0 0 0 
80 - 90 1 0 0 0 0 2 4 3 1 0 
9 0 - 1 0 0 2 4 3 1 0 0 0 0 0 0 
100 - 150 4 1 1 0 0 6 1 1 0 0 
150 - 200 3 1 1 0 0 2 1 1 0 0 
200 - 300 2 1 0 0 1 2 1 0 0 1 
300 - 500 2 1 1 0 0 2 1 1 0 0 
500 - 800 1 0 0 0 0 0 0 0 0 0 
800 - 1500 0 0 0 0 0 0 0 0 0 0 
>1500 1 2 1 1 0 1 2 1 1 0 
KEY: 
p = Energy assuming nucleon-induced burst 
rc = Energy assuming pion-induced burst 
Np^ = Number of bursts i n pb; Np g = Number of bursts i n F e 
C = Charged hadron; N = Neutral hadron 












I n t e g r a l energy spectrum of hadrons which i n t e r a c t 















: GeV U17 
10: 
F i f ~ A A A I I n t e g r a l energy spectrum of ha&rons which I U 11' I 4s interact i n the i r o n , a)assuming a l l are nucle b) pionso 
E GeV 
FIG. 11-15 
I n t e gral energy spectrum of hadrons that i n t e r a c t 
i n iron,, assuming fj^=1,25 





Integral energy spectrins of hadrons that 
F I G . 11 • 1 6 i n l e & d » assuuaing ft=l.25 






parameter that can be obtained i s the median energy of the hadrons which 
in t e r a c t i n the iron and the lead, or .^Fe 
raed med 
= 40 GeV, _Fb = 60 GeV. 
med med 
Since there were 39 interactions i n the iron and 30 i n the lead, the median 
energy of a l l the hadrons which interacted i s the weighted mean 48.7 GeV". 
11.6 The mean transverse momentum of the hadronj 
The form (equn. 11 .5) i n which the observed l a t e r a l d i s t r i b u t i o n of hadrons 
i n air-showers i s expressed can be derived from the assumption that the 
dist r i b u t i o n i n transverse momentum of the pions produced in the l a s t nuclear 
interaction i n the laboratory frame i s : -
(11 .9) N( P j_) d P j_ = A P j_e" P j /Ib d p x 
where <P^> = 2p D and A i s a constant. 
This l a s t i n t e r a c t i o n i s represented i n F i g . 11.17 as being - on average -
^ a i r above s e a - l e v e l . TT. 
\ 
/ 
1km =5x a i r 
s e a - l e v e l 
F i g . 11 .17 
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Because of i t s transverse momentum, the detected pion a r r i v e s at some angle 
0-to the i n i t i a l direction of tr a v e l of the interacting hadron. However 
5 
t y p i c a l values for 4.j>±> are ~0.3 - 0.5 GeV at interaction energies ~10 GeV 
and so ©'is very small. We can also approximate the longitudinal momentum p 
to be equal to the energy of the pion i . e . pc = E (since E = c(p + p ^ ) 2 
and p » p ) , 
Hence 0~ = = rj- where r i s the distance from the core of the shower at 
which the pion i s detected. Hence = y- and N(p^)dp N(r)dr. 
So N ( P j _ ) d P l = Ap^e^Podp^ 
. E r - E r / n . 1 0 E ~ A — e dr l c l c 
So the density d i s t r i b u t i o n A ( r ) d r of hadrons of energy E observed at one 
point at sea-level i s 
(11.10) A ( r ) d r = - ^ i ^ = Ke- r^o 2ixr 
/ E \ ^  
where K = Afy^ ) = constant 
(11 .11 ) ^ ' a n d r = ^ o E 
Since we have a mixture of hadrons at sea - l e v e l we can substitute a weighted 
mean in t e r a c t i o n length £ f or , which i s 110 g.cm"^ (for%a^r = 97 g.cm" 
a i r -2 ^ and 5;^ A = 120 g.cm ) . We can also use E m e ^ = 48.7 GeV" for the median 
energy of the observed hadrons. 
From Pig. 11 .12 (and equn. (11 . 4 ) ) 
r o = (14.3 + 3.6)m 
E . r = 0.70 ± 0.36 TeV.m 
and <p> = 0 .64 + 0.33 GeV. 
Figure 11 ,t8 
Figure 11.5 with present data included. 
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The error i n r Q has been estimated from best and worst slope f i t s to Pig. 
11 .12. 
These quantities have been measured by various techniques i n both the 
laboratory and cosmic rays. F i g s . 11.18 and 11.19 show comparisons of the 
present data with previous measurements. 
The present measurement i s an average over a range of shower s i z e s and 
hadron energies. This l a t t e r case being the probable cause of the 
disagreement between the present measurement and previous measurements. 
11.7 The charge to neutral r a t i o of s e a - l e v e l hadrons 
The si g n i f i c a n c e of th i s measurement has been discussed i n Section 11 . 2 . 
Pig. 11 .20 i s the same figure as F i g . 11 .4 but with the present measurement 
(equation 11 .6) added. The measurement, agrees w e l l with those of Vatcha 
and Sreekantan (1973) i n d i c a t i n g further support to Gaisser's conclusion 
that accepted models of nuclear interactions cannot account for the observed 
r a t i o of charged to neutral hadrons i n air-showers i n i t i a t e d by protons at 
energies greater than 10^ GeV. 
11 .8 Summary and conclusions 
i 
The l a t e r a l d istribution of hadrons i n air-showers of median size 3.10' 
p a r t i c l e s i s s l i g h t l y steeper for hadrons greater than 50 GeV than for 
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Present work plotted at median shower s i z e , which has been 
converted to primary energy according to Kempa ( l 9 7 6 ) B 
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hadrons greater than 10 GeV. The number of hadrons was found to be 
proportional to the shower-size. 
The median energy of the hadrons detected was 2+8.7 GeV, however, no 
evidence was found for these hadrons to have large mean transverse momentum. 
This i s probably due to the fact that the measurement was an average of a 
large range of shower s i z e s and hadron energies. 
The r a t i o of charged to neutral hadrons was found to be w e l l below that 
predicted by normal production models i n d i c a t i n g a change i n the nuclear 
physics of interactions above 10^ GeV. 
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CHAPTER 12 
S U M M A R Y A N D C O N C L U S I O N S 
The flash-tube chamber has been shown to be an adequate instrument for 
investigating high energy phenomena associated with sea-level cosmic 
radiation. However, i t s limitations can be e a s i l y superceded by operating 
i t i n conjunction with an extensive air-shower array. 
J 
The early work found no evidence for a sudden decrease i n ionising power 
of very f a s t p a r t i c l e s , • a s predicted by Gariby^n from transition radiation 
theory (see Chapter 3 ) . A study of the incoherent component of the cosmic 
radiation found no evidence for other than a smoothly f a l l i n g energy spectrum 
between 7.10 2 GeV and 5.1 0 5 GeV of slope 2.7 (Chapter 4 ) . 
A phenomenon p a r t l y due to the poor resolution of the instrument has been 
in t e n s i v e l y investigated (Chapter 5) as possible evidence for the existence 
of highly charged p a r t i c l e s i n the sea-level cosmic radiation. An alternative 
explanation for these events has been proposed, based on the narrowing effects 
of the nuclear cascade on young nuclear-electromagnetic showers i n dense 
targets. 
Experiments concerned with the use of the flash-tube chamber i n conjunction 
with an air-shower array are described i n l a t e r chapters. 
Of p a r t i c u l a r i n t e r e s t are the r e s u l t s of Chapter 9 which indicate, from a 
small sample of air-showers however, the existence of precursors to a i r -
showers with a r r i v a l times i n the range 20 to 100 us before the a r r i v a l of 
the air-shower. These could be interpreted as f a s t e r than l i g h t p a r t i c l e s 
created i n the f i r s t few interactions of the primary cosmic ray p a r t i c l e s , 
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however, more extensive observations are necessary to confirm such a 
contentious conclusion. 
Chapter 10 i s concerned with those measurements on muons i n air-showers 
that can be undertaken with a flash-tube chamber used i n conjunction with 
an a i r shower array. 
The measurement of the l a t e r a l d i s t r i b u t i o n of muons in air-showers 
indicates a strong divergence from previous work on low energy muons with 
a 5Q$ excess of muons at distances from the core greater than 30 m. The 
p o s s i b i l i t y that t h i s i s purely an instrumental e f f e c t , due to the large 
error i n core location (cr= 9»2 m) cannot be discdunted. However, th i s 
would imply that the present arrangement i s only u s e f u l for investigating 
air-shower structure upto 30 m. from the core. 
The study of muon grouping indicated very strongly that the muons at 
-2 
d e n s i t i e s > 1 m were coherently grouped, however not u n t i l we reached 
-2 
d e n s i t i e s >2 m does th i s show i t s e l f as a marked preference for a 
p a r t i c u l a r separation. 
The f i n a l study on hadrons i n air-sho?/ers showed that the number of hadrons 
i s proportional to shower s i z e . The l a t e r a l d i s t r i b u t i o n of hadrons >50 GeV 
was found to be s l i g h t l y steeper than for hadrons >10 GeV, however no 
evidence was found for hadrons of median energy 48.7 GeV having large 
transverse momentum. 
The r a t i o of charged to neutral hadrons was found to be w e l l below that 
predicted by normal production models. 
To summarise the measurements on muons and hadrons i n showers i t might be 
s a i d that the present arrangement provides convincing r e s u l t s only i n regions 
of high p a r t i c l e d e n s i t i e s , i . e . <30 m. from the core. However despite 
~ 192 -
these li m i t a t i o n s three investigated r e s u l t s have emerged, the p o s s i b i l i t y 
of the existence of precursors to air-showers, the non-random spacing of 
-2 
muons i n air-showers at densities >1 m , and the very low r a t i o of neutral 
to charged hadrons in air-showers. A l l these indicate the probability of 
a change i n the nuclear physics of interactions above 10 GeV. 
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A P P E N D I X I 
The question of Cerenkov radiation from a charged tachyon 
Let us f i r s t summarise the tachyon parameters relevant to a discussion of 
Cerenkov radiation:-
Velocity = v > c ; 
Mass parameter = u; 
2 
Energy E = — 1 ; 
(vV - 1 ) 2 
Momentum p = —o^'b ± > 
{vW - 1 ) 2 
The Frank - Tamm equation for the rate of energy loss v i a Cerenkov radiation 
for a p a r t i c l e of v e l o c i t y v moving through a medium of re f r a c t i v e index 
n(i/) i s : -
2 2 2 as _ -Z e 
ds ~ 2 c v n (v)/ 
? = 0 for n(v)<£ . ds v ' v 
where Ze i s the charge on the p a r t i c l e . 
For subluminal p a r t i c l e s ( v < c ) , n{y) becomes l e s s than or equal to unity 
for frequencies much greater than the v i s i b l e , hence avoiding an 
" u l t r a v i o l e t catastrophe". 
For a tachyon i n a vacuum, n(v) = 1 and v > c ; hence the above scheme v r i l l 
not work, and an assertion that no photon can carry enough energy away so 
that the tachyon's energy becomes negative has to be made. 
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This i s a reasonable assertion since R.I.P. (the Re-Interpretation P r i n c i p l e ) 
maintains that a negative energy tachyon would be interpreted as a positive 
energy antitachyon moving in the opposite dire c t i o n . Hence i f we did not 
maintain the above assertion, a tachyon once created would quickly develop 
into a state of o s c i l l a t i o n between tachyon and antitachyon emitting an 
endless supply of energy i n the form of high frequency radiation. Thus i t 
would rapidly increase i n v e l o c i t y as i t s energy decreased to being an 
o s c i l l a t o r of i n f i n i t e v e l o c i t y emitting i n f i n i t e amounts of high frequency 
radiation. 
Hence, to avoid such an u l t r a v i o l e t catastrophe i n the case of a tachyon 
of energy E , the l i m i t s of integration i n a vacuum must be 0 and E/h 
. cE -zV f ( z\ 
" 3 ^ = — l 1 - — ) 
vac ° J \ v / o 
= -Z e i i E 
— i ~ 2 — ° 
2n p 
However, the upper l i m i t of integration i s not Lorentz-invariant. The 
energy of a photon transforms d i f f e r e n t l y to the energy of a tachyon under 
a Lorentz transformation, the tachyon would p r e f e r e n t i a l l y move towards 
those frames of reference i n which i t l o s t most energy, r e s u l t i n g again 
i n an u l t r a v i o l e t catastrophe. 
Ignoring t h i s we are l e f t with:-
dE „2 2 2 2, _ _ 
S = - Z S U V 2 n 2 P 2 
which, for Z = 1 , gives the distance s moved through by a tachyon as:-
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s = 2 2 2 e u c 
1 1 
where E. and are the i n i t i a l and f i n a l energy st a t e s . 
lev and assume uc » 1 eV E Take, as an example, E uc 
2h c 5.10 cm. 
and dE ds at t h i s energy- 200 eV/cm. 
Some general points are worth making i n conclusion:-
a.) Cerenkov radiation i s emitted by relaxation of the polarised medium, 
polarised by the transverse component of the p a r t i c l e ' s el@<gtri_c f i e l d 
thus producing a cone i n which the conditions for Cerenkov emission 
are s a t i s f i e d . The e f f e c t i s produced by the strong, nearly planar 
f i e l d of the p a r t i c l e normal to i t s d i r e c t i o n of motion. 
b. ) The e l e s t r i c f i e l d of a tachyon i s strongest along the direction of 
motion producing only a very narrow "Cerenkov cone" which could, only 
polarise atoms i n a very dense medium. The high density necessary to 
provide candidates for polarisation would also provide strong 
absorption of the radiation, and thus the Cerenkov effect should be 
neg l i g i b l e . 
c. ) Besides t h i s narrow cone angle d i f f i c u l t y , i f the medium under 
consideration i s a vacuum, the effect must be caused by "polarisation 
of the vacuum" ( i n t o , presumably, v i r t u a l e + - e di p o l e s ) . 
However, the term "p o l a r i s a t i o n of the vacuum" i s a technical term of 
quantum mechanics. I t i s used when the "vacuum", defined as a "sea" out 
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of which creation and an n i h i l a t i o n operators create or destroy p a r t i c l e s 
when considering a p a r t i c u l a r set of states, does not act u a l l y correspond 
to a r e a l p h ysical vacuum, but contains p a r t i c l e s and f i e l d s whose effects 
can be f e l t by the considered system. For example, when considering the 
electron states i n an atom, the vacuum as defined contains the nucleus 
which can be polarised because there i s a net charge on the nucleus* 
These physical considerations of a general nature as w e l l as the d i f f i c u l t i 
of formulating a f i n i t e scheme for Cerenkov radiation mathematically 
suggests that the Cerenkov e f f e c t i s not applicable to ary tachyon i n any 
medium. 
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A P P E N D I X I I 
Expected separation, d i s t r i b u t i o n for two muons through a one-dimensional 
detector 
Let there bec< muons per unit length, 1 being the length of the detector. 
e
s. Proba b i l i t y of a muon f a l l i n g i n the i n t e r v a l x, x + dx i s 
P(x, dx) = o(dx 
S i m i l a r l y the probability of a muon f a l l i n g i n the i n t e r v a l x + t, 
x + t + dt i s 
P(x + t , dt) = p<dt 
Now assume that a muon f a l l s at x, the probability that the second muon 
f a l l s at distance t away ( i . e . at x + t) i s given by the probability of 
i t not f a l l i n g i n between x and x + t multiplied by the probability of 
i t f a l l i n g i n the i n t e r v a l x + t , x + t + dt. 
Divide the i n t e r v a l t into a large number n of in t e r v a l s £t, i . e . n£t = t 
P x ( t ) ^ t = Probability of there being a separation t, assuming one 
muon f a l l s at x. 
= (1 - ^ t ) n ^ t , but It = I 
So, l e t t i n g n->co, i . e . ^t-*0 
Px(t)£t 
t it-±o t n ->oo 
n okt «S>t 1 
n 
P x ( t ) dt = ote" dt 
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But x can have any value from 0 to 1 ; however, i f we require a second muon 
to f a l l at distance t away then x can only have any value from 0 to 1 - t . 
P( t ) dt = P r o b a b i l i t y of there being a separation t 
1 - t 
= 1 
P ( t ) d t . P ( x ) dx 
0 ~ t -c<t ^ „ a e dt °<dx 
= a. e d t 
1 - t 
dx 
.* P ( t ) d t = c< 2(l - t ) e _ C < t dt 




P ( t ) dt = 1 
which gives the equation 
c<l = I n 2 - y 
which, solved numerical ly, y ie lds 
o i l = 1 .8415 
P ( t ) d t = hg. ( i . t ) e _ C < t d t . 
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A P P E N D I X I I I 
To show that R represents the r a t i o of the number of s i ow pions emitted 
i n the backward cone to the number of pions emitted i n the forward cone. 
F I G I I I . I 
Before c o l l i s i o n . 
I n the centre of mass frame: 
p or FT 
( inc ident hadron) ( t a rge t nucleon) 
A f t e r c o l l i s i o n . 
a.) I n the centre of mass frame. 
TT. 
i so t ropic emission 
backward cone forward cone 
b . ) I n the laboratory frame. 
backward cone 
^ forward cone 
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I f eft. i s the angle the i * * 1 p a r t i c l e makes w i t h the d i r ec t i on of t r a v e l of 
the inc ident hadron, p^ and p^ the transverse and l ong i tud ina l momentum of 
"til 
the i p a r t i c l e i n the centre of mass frame then 
i 
tan ©-. = 
i 1 
• K 
The d i s t r i b u t i o n i n tan & can thus be calculated from the d i s t r i bu t i ons i n 
p T and p v i z . 
° i n d ?r <Pr> V<Pr>, 
exp ( -bp T 
1_ - _ 1 _ 




(Dao et a l [1974]) 
where a = 6.23; b = 2.37; c = 1.37; 
k = 0.91; r = 0.83; q = 0.03. 
Let p t = z 
then the p r o b a b i l i t y d i s t r i b u t i o n of z, P(z) can be calculated from 
oo 
p ( 2 ) = PT (vz) PL ( ^ ) j ^ |dv 
where PT = P(p ) = c do-
<*Pr 
P L = P(p ) = C dCr 
d P L 
and c^  , c^ are constants. 
oo 
P(z) = K z 1 - 3 7 2.37 -(o( + B V - Y * , v e v v ' e dv 
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, „ c„ c„ B^in a k 
where K = 1 2 
< P T > < P L > 
<PJ> < P T > < P l > 2 
This expression can be solved a n a l y t i c a l l y i f we assume that f l uc tua t i ons 
to large values of pL are rare ( i . e . > i f<p^) i n which case:-
oo 
P(z) = K z 1 " 3 7 ,,2.37 -(<* + p ) v , , v e ^ dv 
1 .37 
= K. 2.37. 1 .37. P ( 0 . 3 7 ) z 
(0 .83 /<P L > + 2 . 3 7 z / < P T > ) 
3.37 
which f o r high energy in teract ions (>.500 GeV, <p^>>10 GeV/c 
<p T >= 0 .4 GeV/c) 
and tan &» 0.0125 
s i m p l i f i e s to 
z 
where K* = ^ c 2 0 ? l n * i 8 » 7 6 ^ (°»37) . <PT> 
Hence P( tan 6) cot 0-
Por i so t rop ic emission i n the centre of mass frame, h a l f of the pions w i l l 
l i e i n the forward cone, and h a l f i n the backward cone. The boundary of 
the two cones i n the laboratory frame i s given by 
tan Gr = -J 
b Y c m . 
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where y c m 0 = Lorentz f a c t o r of the centre of mass frame i n the laboratory 
frame 
2 
where Yu = Lorentz f a c t o r of the inc ident hadron i n the laboratory frame 
Since we have a range of values f o r y L i t i s simplest to use a value f o r 
y c m . t y p i c a l of the energies of the major i ty of the events. 
Taking y c m . = 25 gives tan = 0.04. Hence ^Ofo of the pions w i l l l i e 
w i t h i n tan (0.04) of the core of the bu r s t . This corresponds to less 
than one tube width i n a stack of 8 layers of flash-tubes of average 
diameter 1.8 cms. and average v e r t i c a l distance between centres of 1.9 cms. 
( i . e . F1a) . 
The method of ca lcula t ing R was to count 
a. ) the number of flashes w i t h i n the cen t r a l 3 tube widths (corresponding 
to the forward core) ; 
b . ) the number of flashes w i t h i n 5 tube widths on each side of these 3 
(corresponding to the backward core) . 
Hence, the backward cone region was defined by the range of 0* tan \ o . 0 7 ) 
to tan" 1 ( 0 . 3 ) . 
(The angles are calculated from the v e r t i c a l distance from the bottom of 
the lead target to the bottom of F l a , and the defined number of tube widths 
from the core . ) 
Hence the f r a c t i o n of events F^°^ which l i e i n t h i s region i s given by 
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*0.07 i cot 0- d©-0.07 
00 
where K cot & d©- = 0.5 
0.04 
i . e . K - 1__ 
45 
s ° F o:o? = ° - 2 5 
- d F o 0 . o I ° * 2 5 
(See F i g I I I . I l ) 
This l a t t e r f r a c t i o n corresponds to the region of overlap between the 
inner and outer cone regions i n the scanning process, and hence the f r a c t i o n 
of pions f a l l i n g here may be equally divided between the two regions. 
F i g . I I I . I I 
QO 
O 
i n n e r 
cone region 
W § 5 > 
XXXXDtXXD 
o°o 
ooren cone felons 
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Hence:-
Number of pions i n outer cone region as defined by scanning = 3 
Number of pions i n inner cone region as defined by scanning 5 
Number of flash-tubes i n outer cone region = 10 
Number of flash-tubes i n inner core region 3 
But considering the angular spread of the backward cone, the number of 
f lash-tubes i n the outer cone region avai lable f o r f l a s h i n g i s only <v 0.6 
the number of f lash-tubes present. 
I f we now consider the age parameter s of the subsequent e -y shower 
produced to be ~ 1 , and that the number of electrons i n each region thus 
corresponds to the number of pions i n each region. 
Then:-
Number of electrons detected i n backward core region = 0 . 6 x 1 0 x 3 = 1 . 2 
Number of electrons detected i n forward core region ~3 5 
( i . e . a constant) 
We thus expect any d i s t r i b u t i o n i n the r a t i o of the number of pions i n 
the backward core to the number of pions i n the forward core to be r e f l e c t e d 
i n the d i s t r i b u t i o n of R = Number of tubes flashed i n the back, cone region 
Number of tubes flashed i n the f o r . core region 
w i t h a s h i f t s l i g h t l y to the r i g h t ( i . e . to a higher value f o r the mean). 
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A P P E N D I X I V 
Calcula t ion of the Lorentz fac tor of a " f i r e b a l l " which produces a h igh ly 
col l imated electron - photon shower. 
I n the centre of mass frame:-
Before c o l l i s i o n : -
p or TT p 
7 i 
( inc iden t hadron) (one target nucleon) 
A f t e r c o l l i s i o n : -
a.) 
rr 
b . ) 
"TT T T 
no f i r e b a l l »TT 




f i r e b a l l one f i r e b a l l 
TT 
TT TT 
f i r e b a fet ime 
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, JO o= two f i r e b a l l s 
l e t -y = ^ e Lorentz fac tor of the incident hadron i n the laboratory-
frame 
Y = the Lorentz fac to r of the centre of mass frame i n the 1 c 
laboratory frame 
Yp = the Lorentz f ac to r of the f i r e b a l l i n the laboratory frame 
The case of one f i r e b a l l : -
By d e f i n i t i o n the f i r e b a l l must emit pions i s o t r o p i c a l l y i n i t s own res t 
frame. However i n order to produce a highly col l imated beam we s h a l l 
assume that the backward coi>e i n the f i r e b a l l res t frame must transform 
i n t o the forward cone region of the centre of mass frame (see diagram ( b ) ) . 
Hence the slowest moving pions (emit ted normal to the d i r ec t ion o f t r a v e l 
o f the incident hadron) must be t r a v e l l i n g forward i n the laboratory frame 
w i t h a Lorentz f a c t o r equal to y c » 
Since the subsequent electron - photon shower i s due to the decay of the 
neu t r a l pions produced i n the nuclear in t e rac t ion we sha l l only consider 
the dynamics of the TT ' s . (The con t r ibu t ion from charged pions i s small 
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since i t r e l i e s on the products from t h e i r subsequent nuclear in te rac t ions 
which can be ignored i n the case of a young shower.) 
I f the m u l t i p l i c i t y of TT 1 s produced i s n , the mean energy of each 
o o o 
Eo 
i s — , where Eo i s the energy t rans fe r to the f i r e b a l l from the inc ident 
o 
hadron. This i s the mean energy of each TU i " the laboratory frame, the 
corresponding energy i n the centre of mass frame i s 
c^(So " Pc P o) and Y j / l ° ~ P FP J i n the f i r e b a l l rest 
\ 3 n o V 
frame. 
Considering again those pions emitted normally to the d i rec t ion of t r a v e l 
of the incident hadron, they have only transverse momentum i n the centre 
of mass frame, hence the i r t o t a l energy i n t h i s frame i s 
where p = transverse momentum of r r 
m _ = mass of TT 11 o o 
Now i f we c a l l the Lorentz f ac to r of the f i r e b a l l i n the centre of mass 
frame Y'^J w© have two expressions f o r the energy of one of these \ t 1 s i n 
the f i r e b a l l res t frame, which can be equated 
The problem of f i n d i n g y ^ , i s now solved byveing the k i remat ica l r e l a t ionsh ip : 
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subs t i tu t ing f o r p : -
^ F C = r P r c - ( Y e - 0 * 
and pu t t ing i n some numbers v i z : -
m j - ^ = 0.1 4 GeV/c 
p T = 0„4 GeV/c (Feinberg [1972]) 
n Q = (2.9 l o g Eo + 0.03 Eo*) A 0 o 1 / f (Feinberg [ l 972] 
= 13 Hayakawa [1969]) 
Eo = 500 GeV (an average value f o r bursrt size 500 p a r t i c l e 
Gives Y p = 147 
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A P P E N D I X V 
An e x p l i c i t de r iva t ion of the "Lova t i formulae" f o r the projected angular 
d i s t r i b u t i o n i n a telescope of cosmic rays incident w i t h an angular 
d i s t r i b u t i o n ~ l (o )cos r V where n i s an integer greater than or equal 
to zero, showing the necessary modificat ions to the der iva t ion and 
subsequent formulae necessary f o r the pa r t i cu la r geometry used i n the 
measurement of the incoherent hadron spectrum at sea-level w i t h the Plash-
Tube Chacib er . 
Figure V ( i . ) The symmetrical case 
+ X 
To ta l f l u x through both planes dxdy cos0 l(0) dw = F 
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where w, w + dw i s the t o t a l s o l i d angle i n which a pa r t i c l e a r r i v i n g at 
zeni th angle 0, 0 + 60 could t r a v e l . 
Thus dw - dOdTjr c o s y . 
I f we assume l(0) = l(O)cos n 0 
then P = I n o dxdyd Q- d \ j / cos 0 cos \ | r 
Figure V ( i i a . ) Side view of planes when asymmetrically 





Figure V ( i i b . ) Side view of planes when symmetrically 
arranged wi th respect to the yz-plane 
through 0 Z 
ft 
0 
I n both cases there i s symmetry w i t h respect to the xz-plane through 0 . 
Hence we can l i m i t ourselves to considering only the region 
0 ^ 0- < t an = 1 - X V 
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i . e . -V ^ y 4 T - Ztan©-
But i n order to take account of the s i t u a t i o n ( F i g . V ( i i a . ) ) of asymmetry 
w i t h respect to the yz-plane through 0 we should consider the f u l l 180° of 
the xz-plane through 0 . 
i . e , •tan- 1 ( ( W +
 Xl C0S&) ^ t a n " 1 ((? - *> c o s ° ) 
and f o r the symmetrical case (P ig . V ( i i b . ) ) 
whereas f o r the asymmetrical case ( P i g . V ( i i a . ) ) 
~(W + % ) ^ x s< 2X - W - % 
I f we c a l l the angular d i s t r i b u t i o n observed i n a yz-plane N (&) 
n 
then P = n xv ' 
Now f o r the symmetrical case, w i th tanG Y + V 
Z 
N (©-) = 21 cos n v ' o 




cos 1 1 + 2 Y<il|/ 
^1 
where "v|r = tan -1 
? , = tan' -1 
(W - x)cos& 
Z 
(Yf + x)cos& 
Z 
and f o r n > 2 we f i n d 
symm. Kcosn8- z" + 1 A " 1 ^ 2 A -n /2 \ n + 1 , 4 0 
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where K = Ul (Y + V - Ztan©-) 
o 
At = Z 2 + (W ± X ) 2 cos2©-
However f o r theasymmetrical case we have d i f f e r e n t l i m i t s f o r x , and we 
f i n d f o r n > 2 . 
asymm. , . n n + 1 , -n/2 -n/2 -n/2 -n/2 
n> 2 { } = ° O S ( 1 " A 2 " A3 * \ ) + 
2^-1 N _(©) cos 2 © n + 2 n - 2 ' 
where K = 4 I o ( Y + V - Z tan©-) 
A = Z 2 + (ZvV + ^ - 2 X ) 2 cos 2©-
A 2 = Z 2 + (2W + <b)2 cos 2 © 
A 3 = Z 2 + (2X - \ )2 cos 2 © 
2 2 2 A^ = Z + ^ cos ©-
For n ^ 2 the calculat ions f o r n > 2 are inappl icable , the various calculat ions 
required f o r the cases n = 0 , n = 1 , n = 2 y i e l d the f o l l o w i n g r e s u l t s . 
N^V) = \ K cos©-
N ^ V ) = i K cos©-
(X - W) tan" 1 /(W - X)cos6- ( x + w ) t a n ~ 1 + X ) cos©, 
v z / V z 
Z 2 + 2(W + X ) 2 cos 2 © _ Z 2 + 2(W - X ) 2 cos2©-
A ? A * + 
N ^ V ) = cos 2 © Z 3 ( I n A _ - I n A + ) + | N q(©-) COS 2©-
The d i f f e r e n t l i m i t s f o r x f o r the asymmetrical case y i e l d the f o l l o w i n g 
r e su l t s : 
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N * S y f f i n Y > ) = 1 K cosS- [(27/ + %) tan" 1 + %) c o ^ . % t a n ^ (J>222§) 
-(2ff + - 2X) tan" 1 ( ( 2 W + >^ ~ z 2 X ) c ° g § ) 
•y 
= K cosQ-
+ (2X - S ) tan" 1 ^ 2 X j ^ l _ c o s 8 - , 
2A - Z 2 + 2A. - Z 2 - 2AQ - Z 2 - 2A, - Z 2 
T _ 4 2 3 
— — i <, T" 
A 2 
"1 
A 2 A, 
N5 S y m m (G-) = IK cos 2 0Z 3 
32 
InA. + In/ . , 1 4 
A 2 
+ 3 N (G-) cos 0-
4 ° 
The above resul ts are summarised i n Table 4.3. 
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A P P E N D I X V I 
Expected r a t i o of the number of nuclear interactions i n lead to the number 
of nuclear interactions i n iron 
1 . The case of normal incidence 
T 
Xf i s the i n t e r a c t i o n length of a hadron H i s a target T then the 
pr o b a b i l i t y of f i n d i n g the hadron at depth y i s 
Hence the p r o b a b i l i t y of the hadron in t e r a c t i n g i n the i n t e r v a l 
y, 3r + dy i s e~y/^H & 
T 
Thus the p r o b a b i l i t y P R of a hadron in t e r a c t i n g i n a target thickness 
T • • 
y xs gxven by:-
v^ T 
4 " J7T *-yA« * 
0 X H 
T / c T 
T 
and (1 - P^) gives the pr o b a b i l i t y of the hadron t r a v e l l i n g through the 
target without i n t e r a c t i n g . 
Fe Pb So i f we have y cms of Fe situated below y cms of Pb. 
pPb 
Number of nuclear interactions i n Pb H 
Number of nuclear interactions i n Fe -cFe(* 
H 1 " H ' 
.Pb 
1 - e" y 
Pb/Pb Fe 7 Fe 
e~y 4 H (1 - e - y 4 h ; 
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2. The case of a l l angles of incidence between 0 and ~^ /2 
JAfi£U. 
t 
Assume that the i n t e n s i t y of hadrons at zenith angle jEf i s 
i(jef) = i ( o ) o o s V 
Then the number N($, r ) 60- of hadrons which a r r i v e at angle (0-, 0- = 60-) 
to the v e r t i c a l at distance r from t h e i r point of entry i s : -
N(j£, r ) d& = I cos n# 2Tt s i n # 60 e"r/^H 
The p r o b a b i l i t y of inte r a c t i n g i n the next dr i s 
N(tff r) & = N(A y) d> T cosgf £ H 
Hence the p r o b a b i l i t y of of t h e i r being an in t e r a c t i o n i n the whole 
T 
thickness y of the target i s : -
H 
K/2 y T , T J 
m I cos 0- 2Tt sinty-. co 
cosf* ° 
TC/2 J 2TCsin(p cos$-„ I 0 C 0 S 
/ 
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Let t = cos 
TC/2 n + 1 1 and noting that p sin©-, cos ©- d©- = J n + 2 
T 1 Then P„ = 
o 
1 yT 
H ~ n + 2 
o o J J 
I f we now make the substitution a = — A = ^ —— 
T 1 then P„ = 
1 A 
"H n + 2 e ' t dt da 
o o 
t h i s i s simply solved by an i t e r a t i v e procedure 
i . e . i f I = n n e ~
a / t t n dt 
u 
O -a then I h n + 1 n + 1 n - 1 
For protons we substitute n = 8 and f o r pions n = 5«5 which leads to 
the results 
P^3 = 0.57; = 0.2,5; 
and following the same argument as i n Section 1 
P^6 = 0 „ 2 5 ; l£ e = 0 .25. 
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A P P E N D I X V I I 
A d i s c r i p t i o n of the calculations of the burst size-energy re l a t i o n s h i p 
f o r nuclear-electromagnetic cascades i n the ir o n and lead. 
V I I i . ) The nuclear in t e r a c t i o n model 
a„) The hadron i s assumed to be incident v e r t i c a l l y 
on the absorber. 
b. ) Hadron energy losses by ionization processes are 
neglected. 
c. ) The hadron i s assumed to interact at successive 
depths t(measured i n radiation lengths) according 
to the p r o b a b i l i t y d i s t r i b u t i o n : -
p ( t ) at = ^  e _ t / ^ 
where £ i s the in t e r a c t i o n length of the primary 
p a r t i c l e i n rad i a t i o n lengths. 
d. ) The i n e l a s t i c i t y , K, f o r the pions i s assumed to 
be u n i t y . The i n e l a s t i c i t y f o r protons i s assumed 
to be 0.80 f o r interactions i n the lead, and 0.63 
f o r interactions i n the i r o n (Jones et a l [1969]) . 
e. ) The mean m u l t i p l i c i t y of secondary p a r t i c l e s i s 
assumed to be of the form:- - = 3 . 0 A 0" 1 9 (KE)^ 
where A i s the atomic mass of the absorber and E the 
energy of the incident p a r t i c l e . This equation i s 
based on a number of surveys (e.g. Greider [ l 9 7 0 ] , 
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Wdowczyk [ l 973]). A l l the secondary p a r t i c l e s 
are assumed to be pions w i t h the number of charged 
pions (TC-) being twice the number of neutral pions 
( T U ° ) . 
f . ) I t i s assumed that h a l f the secondary pions created 
moved i n the forward cone i n the C.M.S. system. In 
the laboratory system pions moving i n the backward 
cone i n the G.M.S. are assumed to have neg l i g i b l e 
energy. Each pion i n the laboratory system has an 
average equal energy and the p r o b a b i l i t y of a 
secondary pion having an energy i n the region 
E, E + dE i s p(E) dE = e~ E / / E ~ where E 1 i s the mean 
E 
energy of the pions i n the forward cone i n the 
laboratory system. 
,) The method of calculation 
Each absorber i s divided i n t o four equal layers, and the incident 
primary p a r t i c l e i s allowed to i n t e r a c t i n each layer according 
to c.) above. The t o t a l number of charged pions w i t h energy 
>1 GeV and the t o t a l number of neutral pions w i t h energy£-0.2 GeV 
i s then calculated from f . ) above. The mean energy f o r pions 
w i t h cut o f f energy E ^ GeV can be calculated from: 
CO oo 
-E/E1 ^ / f -E/E1 E e ' dE e"^^ dE to be (E , + E 1) GeV. —Y cut ' 
E , E 1/ E , E cut / cut 
The neutral pions are then assumed to decay immediately i n t o two 
photons w i t h equal energy which then i n i t i a t e an electron photon 
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cascade. The charged pions either interact again deeper i n the 
absorber or emerge with no f u r t h e r i n t e r a c t i o n . The average 
depth X of the successive interactions i s given by 
X = - x 
exp(X/£ - D 
where X i s the distance from the bottom of the absorber for the 
f i r s t i n t e r a c t i o n . (The f i r s t i n t e r a c t i o n i s assumed to take 
place i n the middle of the four equal layers.) 
The nuclear cascade i s terminated when a l l of the hadrons (primary 
and secondary) have either passed out of the bottom of the 
absorber or t h e i r energy has f a l l e n below the cut o f f . 
The energy cut o f f f o r TX + of 1 GeV i s based on the fact that the 
i n e l a s t i c cross section f o r strong interactions of pions drops 
very sharply at t h i s value (Hayakawa [19&9]). 
The energy cut o f f f o r ru° of 0.2 GeV i s based on the assumption 
that photons created almost at rest do not contribute s i g n i f i c a n t l y 
to the electromagnetic cascade. 
The photons a r i s i n g from the decay of the neutral pions are 
assumed to give electron burst sizes below the absorber according 
to the t r a n s i t i o n curves of fi g u r e V I I ( i . ) (ivanenko and 
Samasudov, [1967a, 1 967b] ) . 
The results of these calculations (Saleh [1975] , Parvaresh [1975] , 
Nasri [1977]) are presented i n Chapter 1+ ( f i g u r e s 4.9a) and 4 . 9 b ) ) . 
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A more elegant treatment of the problem using a Monte Carlo rather 
than an average treatment has been performed by Cooper (Cooper [1974]) . 
The same in t e r a c t i o n model and photon t r a n s i t i o n curves were used 
by Cooper and an example of a comparison of the two methods i s shown 
i n figure V I I (ii.)„ Clearly both techniques give similar r e s u l t s . 
T~"-~T r r n • r j T ~ T r T T r n j 
10' 







10 1 1 0 2 1 0 3 
Energy (GeV) 
10' 
ure v i i ( i i ) A comparison between the average treatment method ( s o l i d l i n o ) 
and Moots C&rie method (broken l i n e ) i n calculating the 
average burst size (N) produced by primary picas incident, 
on 15 cms* of lead as a function of energy. The open circles 
represent Mont© Carlo calculations f o r picas incident at a 
zenith an^le of 3C°„ (After Cooper ( i974) ) 0 
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